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ABSTRACT
This article presents the crystallization age of, and composition of olivine
phenocrysts within an alnöite of, the Avon Alkaline Igneous Province (AAIP) of Ste.
Genevieve County, Missouri. The AAIP is an ultramafic igneous province consisting of
approx. 80 known intrusives of diverse lithology and texture. 40Ar/39Ar geochronology
indicates an emplacement age of 386 +/- 1 Ma, which establishes the AAIP as the only
known Devonian-age ultramafic igneous body in the Midwestern U.S. Study of the AAIP
provides a unique opportunity to characterize the Devonian-age subcontinental mantle
and the processes that generated the suite of ultramafic rocks present in the province. The
compositions of 52 olivine crystals are characterized using electron microprobe analysis.
Olivine major element compositions are homogeneous, Mg-rich (Fo86.9-Fo89.9), and
exhibit variation in trace element (e.g., Ni, Cr, Co, Ti, P) abundances consistent with
fractional crystallization. These results indicate that AAIP olivines are phenocrysts rather
than mantle xenocrysts. Olivine geothermometry indicates derivation at temperatures of
approx. 1500-1750°C at pressures of 1.6 to 5.4 GPa. Olivine trace element discrimination
diagrams indicate AAIP magmas were derived from mantle sources with a compositional
alkalic affinity, similar to other continental alkaline rocks and kimberlite. A mantle origin
via partial melting of peridotite mantle is suggested due to the high Mg content, results of
geothermometric modeling, and high Ca and Ti abundance within olivine phenocrysts.
Disequilibrium textures observed in alnöite olivine are consistent with resorption of
magmatic olivine as a result of decompression and fractional crystallization.
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1. INTRODUCTION
Alkalic and ultramafic igneous rocks, despite comprising less than one percent of
crustal rock, are a well-recognized source of often-economical concentrations REEs, and
are a primary source for diamonds. Alkalic and ultramafic rocks also are among the most
useful rock types for characterization of the mantle, due to their comparatively unevolved
(and often, essentially mantle) melt compositions. However, geochemists and igneous
petrologists are commonly faced with a daunting task - chemically characterizing mantle
that is tens to hundreds of kilometers beneath the Earth’s crust, but also may have only
existed in that state millions or billions of years ago can obviously not be performed
directly. Thus, the geoscientist must peer into the nature of the ancient mantle and mantle
processes by analyzing the rocks that resulted from them.
This may introduce problems, for properly representative rocks often are not
present, or, when they are, they may be chemically altered by post-emplacement
hydrothermal alteration and/or crustal assimilation during magma ascent. This may erase
or overprint their intrinsic geochemical signatures. In these latter cases of contaminated
rocks, the geoscientist must work out a method to “see through” these modifications.
Whole-rock bulk geochemical analysis is a well-known technique utilized in the
examination of rock compositional trends. However, due to the nature of the technique,
secondary mineral phases/alteration products, crustal assimilation and xenoliths can
produce misleading results. One way to circumvent this is by directly examining
unaltered, high-temperature, early-forming mineral phases, which may still preserve the
original geochemical trends. Trace element analysis of olivine and other minerals have
been used to characterize a wide range of petrogenetic and mantle concepts, including
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distinction between mantle source lithologies, partitioning mechanisms, element
diffusion, fractionation, and other melt evolution processes (Spandler and O’Neill, 2007;
Milman-Barris et al., 2008; De Hoog et al., 2010; Foley et al., 2013).
This study is makes use of this approach, and is primarily intended to characterize
the subcontinental lithospheric mantle (SCLM) beneath the Midcontinental United States,
and the evolution of generated magmas via major, minor, and certain trace chemical
analysis of olivine phenocrysts within an alnöite of the Avon Alkaline Igneous Province
(AAIP) of Missouri, USA. Additionally, the age of the AAIP will be investigated with
the 40Ar/39Ar geochronologic technique. The AAIP may represent a unique opportunity to
characterize the Devonian-age mantle composition and mantle processes, as most
instances of ultramafic and/or alkalic activity in the Midwestern United States range from
Permian to Cretaceous age (see Appendix A). In this, the AAIP may potentially offer
valuable insight into ultramafic and alkalic melt-generating processes of the early
Paleozoic.
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2. PREVIOUS WORK
Weller and St. Clair (1928) were among the first to report the occurrence of
“basic dikes” cutting Cambrian-age strata in the region, and identified patchy outcrops of
“Tertiary conglomerate”. One of these outcrops (Kidwell #24) had been prior described
by Spurr (1926) as a peridotite pipe, and were subsequently characterized by Singewald
and Milton (1930) as an explosive alnöite pipe. Rust (1937) suggested a swarm of pipes
and vents, and applied the term “diatreme” to the igneous bodies. Field studies and
mapping demonstrate that the igneous rocks form volcanic rocks associated with
diatreme volcanism (Kidwell, 1947; Harrison and Shultz, 1994; Hausel, 1998).
The first attempt to provide a classification scheme based on petrologic texture,
and petrologically characterize, the AAIP rocks was made by Albert Kidwell (1947), who
proposed a systematic, detailed description of individually numbered outcrops and rocks
in both hand and microscopic sample. Kidwell describes the intrusions as having no
overall characteristic pattern of occurrence, but does describe a generally linear nature to
the outcrops, due to being primarily uncovered by stream erosion. Kidwell describes dike
exposures as very sharply delineated from country rock, and lacking significant contact
metamorphism (with recrystallization of surrounding dolomite only extending “for a few
inches” from the dikes).
Kidwell noted the significant quantities of calcite within many of AAIP
lithologies and that the AAIP intrusions are generally hosted within Paleozoic carbonate
formations. Thus, the possibility that the carbonate minerals originated as a consequence
of alteration and deuteric processes was suggested by Kidwell (1947). However, a recent
field, petrographic, and geochemical (REE and stable isotope) study by Shavers and
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others (2016) has indicated that some of the AAIP dike and hypabyssal facies rocks
demonstrate stable carbon/oxygen isotope signatures that are consistent with mantle
derived carbonate. Stable isotope ratios also indicate a significant degree of isotope
exchange with country rocks, particularly within upper diatreme facies rocks, likely a
consequence of fluid-rock interaction. The same study suggests that REE concentrations
are associated with those of typical alkaline, ultramafic, and carbonatite rocks.
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PAPER
I. AVON ALKALINE IGNEOUS PROVINCE: 40Ar/39Ar GEOCHRONOLOGY,
CHARACTERIZATION OF SUBCONTINENTAL MANTLE SOURCE AND
MAGMATIC EVOLUTION VIA TRACE ELEMENT ANALYSIS OF OLIVINE

Zachary W. Freeman, John P. Hogan, Willis E. Hames, and David Bridges

ABSTRACT
The AAIP is an ultramafic igneous province consisting of approx. 80 intrusives of
diverse lithology and texture. 40Ar/39Ar geochronology indicates an emplacement age of
386 +/- 1 Ma, establishing the AAIP as the only known Devonian-age ultramafic igneous
body in the Midwestern U.S. The compositions of 52 olivine crystals from an alnöite
diatreme pipe are characterized using electron microprobe analysis. Olivine major
element compositions are homogeneous, Mg-rich (Fo86.9-Fo89.9), and exhibit variation in
trace element abundances consistent with fractional crystallization. Results indicate that
the olivine in the alnöite are phenocrysts rather than xenocrysts inherited from the mantle
source region. Olivine geothermometry indicates derivation at approx. 1500-1750°C at
pressures of 1.6 to 5.4 GPa. Trace element discrimination diagrams indicate AAIP
olivines were derived from mantle sources with a compositional alkalic affinity, similar
to other continental alkaline rocks and kimberlite. A mantle origin via partial melting of
peridotite mantle is suggested due to the high Mg content, results of geothermometric
modeling, and high Ca and Ti abundance within olivine phenocrysts. Disequilibrium
textures observed in alnöite olivine are consistent with resorption of magmatic olivine as
a result of decompression and fractional crystallization.
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1. INTRODUCTION
Ultramafic and alkalic volcanic activity in the Midwest and southeastern United
States is a temporally and spatially well distributed phenomenon, with occurrences
reported in numerous locales, including Mississippi, Kansas, Louisiana, Arkansas,
Florida, Illinois, Kentucky, and Georgia. Nearly all known ultramafic and alkalic
occurrences in Midwestern North America are of Permian or later age (Bradbury and
Baxter, 1992; Denny, 2005; Baksi, 1997; Saunders and Harrelson, 1992; Dunn, 2002;
Erickson and Blade, 1963). The Avon Alkaline Igneous Province (AAIP) of southeastern
Missouri is a Devonian-age (Zartman et al, 1967; this study) ultramafic igneous province
consisting of approximately 80 known dikes and diatremes of diverse lithology, texture,
and degree of alteration. Rocks of the AAIP have been variously described as alnöites,
carbonatites, kimberlite, and olivine melilitite (Kidwell 1947; Mansker, 1973; Bridges
and Hogan, 2007; Bridges and Hogan, 2008).
The vast majority of the AAIP rocks are hosted in early Paleozoic limestones and
dolomites, and contain variable quantities of carbonate minerals as vug fillings, in veins,
and in groundmass (Kidwell, 1947; Mansker, 1973; Rinehart, 1974; Shavers et al, 2016).
The possibility that the carbonate minerals were all secondary, rather than primary in
origin as a consequence of alteration was suggested by Kidwell (1947). However, stable
isotope analysis by Shavers and others (2016) indicates that a significant portion of
carbonate content within AAIP dike and hypabyssal facies contains a primary mantle
signature, while upper diatreme facies rocks demonstrate evidence of reequilibriation
with surrounding country rock, as a consequence of fluid-rock interaction and deuteric
alteration.
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The AAIP may be unique in offering an opportunity to geochemically investigate
the nature of the Devonian age mantle under mid-continental North America. A Middle
Devonian age is suggested for the AAIP by K-Ar, and 40Ar/39Ar radiometric dating
(Zartman et al., 1967; this study) and the presence of Paleozoic-age sedimentary and
Precambrian basement xenoliths, as well as Devonian-age index fossils in diatreme-facies
rock (Kidwell, 1947). It is crucial to establish that earlier geochronological and fossil
studies are accurate, and thus the age of the AAIP will be investigated in this study, using
the 40Ar/39Ar geochronologic technique.
This study will address the nature of the subcontinental lithospheric mantle and
the melting/differentiation processes that generated the AAIP magma(s) by analyzing the
composition and characteristics of relict olivines in one of most pristine specimens,
Kidwell #24, which has been identified as an alnöite. It is necessary to select specimens
that are clearly mantle-derived to avoid misleading results, as many of the AAIP outcrops
are upper-diatreme rocks that contain abundant xenoliths and xenocrysts (Kidwell, 1947;
Mansker, 1973; Rinehart, 1974; Shavers et al, 2016), and are too significantly altered.
The strength of geochemical characterization of individual mineral phases
circumvents the crustally contaminated nature of the AAIP rocks. Early-forming minerals
preserve trends that may be eliminated by alteration or contamination. Trace element
analysis of olivine and other minerals have been used to characterize a wide range of
petrogenetic and mantle concepts, including distinction between mantle source
lithologies, partitioning mechanisms, element diffusion, fractionation, and other melt
evolution processes (Spandler and O’Neill, 2007; Milman-Barris et al., 2008; De Hoog et
al., 2010; Foley et al., 2013). We will utilize the abundant, intact mantle (average Fo88)
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olivine in the alnöite as a probe into the characteristics of the Devonian-age mantle
source and evolution of the AAIP melts through high-precision electron probe
microanalysis.
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2. GEOLOGIC BACKGROUND
2.1. GEOLOGY OF PRECAMBRIAN BASEMENT TERRANES
Rocks of the AAIP are intruded into Paleozoic strata overlying the Eastern
Granite-rhyolite Province (Fig. 2.1). This basement terrane is comprised of mainly
rhyolite and epizonal to mesozonal granite plutons. Localized basalt and gabbro are
present, generally confined to rift structures that likely postdate the province (Van
Schmus et al., 1996). The St. Francois Mountains represent an exposure of the Eastern
Granite-rhyolite Province, and U-Pb dating of St. Francois zircon indicates an average
age of 1.47 +/- .03 Ga (Van Schmus et al., 1996).
2.2. GEOLOGY OF PALEOZOIC SEDIMENTARY COVER
The AAIP intruded into Upper Cambrian to at least Devonian age strata during
emplacement (Fig. 2.2), and is visible today within the Lamotte and Bonneterre
Formations, the Elvins Group, and the Potosi Formation (Kidwell, 1947). The following
descriptions of the Paleozoic section intruded by the AAIP are summarized from Kidwell
(1947), and Thompson (2001). Thicknesses are obtained from Thompson (2001), except
where section has been measured in the locality by Kidwell (1947).
The Lamotte Sandstone was deposited as a result of a Late Cambrian marine
transgression during the Sauk sequence (Unklesbay and Vineyard, 1992). The Lamotte in
the area around the AAIP occurs as a 33 to 67 meter thick, medium- to coarse-grained
sandstone with minor interbedded shales and a prominent basal conglomerate where rests
unconformably in contact with Precambrian basement igneous rock.
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Figure 2.1: Late Devonian basement geology, structural features, and select other
ultramafic occurrences around the area of the AAIP. Dashed line denotes extent of TTZ.
Explanation: 1) AAIP, 2) Cottage Grove Dike, 3) Hick’s Dome, 4) Magnet Cove, 5)
Prairie Creek Lamproite, 6) Kansas kimberlites. SGFZ: Ste. Genevieve Fault Zone,
CGFZ: Cottage Grove Fault Zone, DFZ: Dowell Fault Zone, CaGF: Cape au Gres Fault,
SS: Sparta Shelf, SFM: St. Francois Mountains, SP: Superior Province. Other ultramafic
and alkalic igneous bodies (numbers 2 – 6) are indicated to provide a sense of regional
context, see Appendix A for a more detailed description of these occurrences. (Sources:
Nelson and Lumm, 1985, Marshak and Paulson, 1997, Denny, 2005, Csontos, 2008).
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Figure 2.2: Stratigraphic column of Paleozoic strata originally intruded by AAIP. Current
exposure in the study area is limited to the Upper Cambrian, up to the Potosi Dolomite.
Thicknesses reflect those measured around the province by Kidwell (1947). NonCambrian unit thicknesses from Thompson, 1995. Not to scale.

The Davis Formation in the AAIP occurs as a roughly 25 meter thick, dense, gray
to tan colored mix of interbedded shales and dolomites. The Derby-Doerun Dolomite is a
comparatively thin unit, at around three to nine meters in overall thickness around the
AAIP, and possesses a dolomite-heavy lithology in the upper part, while the lower beds
are irregularly fractured darker dolomites. Above the Elvins Group is the Potosi
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Dolomite, a thickly bedded, brownish gray to light gray crystalline dolomite possessing
abundant quartz druse (Thompson, 1995). Average thickness of Potosi Dolomite is 60
meters. The Eminence Dolomite succeeds the Potosi Dolomite, and is typically
comprised of medium to thick beds of light gray and slightly cherty coarse-grained
crystalline dolomite of roughly 60 to 75 meters thickness.
The Gasconade Dolomite is the first Ordovician-age unit intruded by the AAIP,
and the first unit of the Canadian Series. Gasconade Dolomite can range up to
approximately 200 meters thickness, and generally consists of light brown to gray
colored, coarse-grained crystalline dolomite with significant chert nodules, resting on a
thin (<10 m) basal sandstone member (Gunter member). The Gasconade Formation is
succeeded by the Roubidoux Formation. The Roubidoux ranges in thickness up to 75
meters, consisting of light gray to brown colored, typically massive to thickly bedded
sandstones and cherty or sandy dolomite. The Jefferson City-Cotter Dolomite Group
succeeds the Roubidoux Formation, and consists of light- to moderately-brown,
crystalline dolomite with variable clay and chert content, with average combined
thicknesses of approximately 120 meters. The Powell Dolomite succeeds the Jefferson
City-Cotter Dolomite Group, and, in Ste. Genevieve County, can be subdivided into a
lower and upper section (Thompson, 1995). The lower section consists of dark brown
beds of sandstone, which graduates into fine-grained crystalline argillaceous dolomite in
the upper section, with a combined average thickness of approximately 50 meters.
Middle Ordovician age rocks are represented with 13 formations within the
Whiterockian and Mohawkian Series. The Whiterockian Series consists only of the
Everton Formation, which rests unconformably on the Canadian Series strata. The
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Everton Formation consists of a thick basal, massive, fine-grained sandstone overlain by
a thinner series of interbedded sandstones, limestones, chert, and light- to dark-gray
sandy dolomite. Thickness of the Everton Formation is highly variable, reaching a
maximum thickness of approximately 120 meters. The Mowhawkian Series begins with
the St. Peter Sandstone, a variably-bedded, gray to brown quartzose sandstone. The St.
Peter Sandstone typically averages approximately 20 – 25 meters thickness. The Joachim
Dolomite succeeds the St. Peter Sandstone, and consists of a yellow-brown dolomite with
interbedded sandstones and limestones in the lower section. The Joachim Dolomite
averages roughly 50 meters thickness. The Plattin Group succeeds the Joachim Dolomite,
consisting of gray to light tan, finely crystalline limestone with minor shale interbedded,
and may range from 60 to 140 meters thickness. The succeeding Decorah Group is
comprised of a diverse range of lithologies, but generally range from thin to mediumbedded, light gray limestones and clays, with minor thin shale beds. The Decorah Group
rarely exceeds 10 meters thickness. The Kimmswick Limestone succeeding the Decorah
Group is a light gray colored, medium bedded to massive, coarse-crystalline and cherty
limestone with significant burrowing, typically ranging from 15 to 50 meters thick.
The Upper Ordovician-age Cincinnatian Series unconformably rests on the
Kimmswick limestone in East-central Missouri, where it is represented by the Cape
Limestone and the Maquoketa Group. The Cape Limestone (formerly the “Fernvale
Limestone”) in Ste. Genevieve County consists of a very thin (less than one meter),
highly fossiliferous, gray to brown, crystalline limestone. The Maquoketa Group
succeeds the Cape Limestone in East-central Missouri, and comprises roughly 5 to 20
meters of bluish-gray to dark gray shale, sandstone and limestone.
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Silurian-age rocks are represented in Ste. Genevieve County by the Bainbridge
Formation, up to roughly 90 meters thick. The Bainbridge Formation consists of a
succession of dark red to greenish-gray crystalline limestone, silty limestone, and shale.
Early to Middle Devonian-age rocks crop out in a number of locales in Ste.
Genevieve County. The series begins with Bailey Formation unconformably contacting
the Bainbridge Formation. The Bailey Formation comprises three successive lithologies,
beginning with a light gray to brown, thinly bedded limestone, progressing into thickly
bedded, pale limestone, and capped with a tan, thinly bedded cherty limestone. The
Bailey Formation is typically about 90 meters thick, as exposed in Ste. Genevieve
County. The Little Saline Limestone rests unconformably on the Bailey Formation, and
consists of white, thickly bedded crystalline limestone of approximately 100 meters
thickness. Unconformably succeeding the Little Saline Limestone, the Grand Tower
Limestone comprises approximately 75 meters of light gray, evenly bedded crystalline
limestone. The Beauvais Sandstone succeeds the Grand Tower Limestone, and occurs as
around 25 meters thickness of white to yellowish-brown sandstone. Middle Devonian-age
rocks around Ste. Genevieve County are terminated with St. Laurent Limestone, an
estimated 80 meter thick interval of gray, thinly bedded and brittle limestone.
2.3. SIGNIFICANT STRUCTURAL ELEMENTS
The AAIP is situated on the south limb of the Farmington Anticline, and
approximately 15 km southwest of the Ste. Genevieve Fault Zone, north-northwest of the
Reelfoot Rift. The Farmington Anticline is an upwarp located south of the SGFZ. It is
doubly plunging, possesses a very rectangular and broad form, and strikes at azimuth
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330, slightly more northward than faults of the Ste. Genevieve Fault Zone (Nelson and
Lumm, 1985).
The SGFZ is a region of extensive normal and reverse faulting located on the
northeastern flank of the Ozark Uplift, and has been subjected to numerous reactivations
(Fig. 2.1). The SGFZ is situated in a broad region of midcontinental fold-and-fault zones
(Marshak and Paulsen, 1997), stretching southeast – northwest across North America
(Fig. 2.1), referred to as the Transamerican Tectonic Zone (TTZ). A number of fault
complexes are present in this zone (Fig. 2.1), including the SGFZ, the Cape au Gres
Fault, the Dowell Fault Zone (all of which are bounding faults along the Sparta Shelf),
and the Cottage Grove Fault Zone (CGFZ). These and other faults along the TTZ fall into
two broad sets, those trending N to NE, and W to NW. The NW-trending set cuts nearly
perpendicular to the Reelfoot Rift (Marshak and Paulsen, 1997). During the Devonian
period, activity around the SGFZ was dominated by high-displacement (throw up to 300
meters) normal faults trending East-West and southeast-northwest (Nelson and Lumm,
1985; Van Schmus et al, 1996; Marshak and Paulsen, 1997). The Devonian-age tensional
stress regime suggests that emplacement of the AAIP and uplift of the northern fault
block are nearly coeval. A series of post-Mississippian compressional stresses led to
extensive reverse and thrust faulting, particularly focused on the southeast-trending
portion of the fault zone in Ste. Genevieve County (Nelson and Lumm, 1985). As a
consequence, the southwest fault block downthrown in the Devonian-age faulting episode
was upthrown in Mississippian time. It has been suggested that transpressive deformation
along the Reelfoot Rift due to the Late Proterozoic Grenville orogeny led to the formation
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of many of the NW-SE trending orthogonal basement faults that are contained within the
TTZ, such as the SGFZ, CGFZ, and likely others (Stark, 1997).
The Reelfoot Rift (or Mississippi Valley Graben) is a Cambrian-age aulacogen
with a contentious genesis (Ervin and McGinnis, 1975; Csontos et al., 2008). Early,
Cambrian period rifting occurred along apparently preexisting strike-slip faults
(Hildenbrand, 1985). Alternating periods of uplift and subsidence from the middle
Ordovician to Pennsylvanian time (due to tectonic stresses inflicted by the Taconic,
Acadian, and Alleghanian orogenies) would eventually lead to the structural reactivation
of the Reelfoot Rift during the assembly of Pangaea in the late Paleozoic (Csontos et al.,
2008).
2.4. GEOLOGY OF THE AAIP
Intrusives of the AAIP are in range morphologically from dikes to diatremes and
localized hypabyssal intrusions. These structures tend to occur in clusters, though the
individual size of the diatreme craters can vary significantly, and the exact mechanism of
formation is somewhat contentious (Lorenz, 2003; Sparks et. al, 2006). A brief review of
diatreme volcanism is provided in Appendix B. AAIP diatremes exhibit typical diatreme
morphology (see Fig. 2.3; Mitchell, 1986); feeder dikes below the diatreme, hypabyssal
“root zone” rocks above the dike facies, and increasingly brecciated diatreme rocks above
the root zone (Fig. 2.3).
Outcrop may generally be recognized by either a scoriaceous or conglomeratic
appearance, depending on the relative resistances of inclusions and groundmass in the
rock (Kidwell, 1947). It appears that many of the intrusions were extremely rich in
olivine, melilite, and phlogopite, which is consistent with the early description of augite-
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free alnöite (Singewald and Milton, 1930), although Kidwell (1947) reported many
intrusions containing significant pyroxene. To better aid in classifying the convoluted
lithologic diversity of the AAP, Kidwell (1947) assigned each outcrop to one of three
types: Type 1, fine-grained ultramafic rock with little to no evidence of country rock
inclusions, corresponding to the feeder dikes and hypabyssal-facies root zone of the
diatremes; Type 2, rocks emplaced higher in the diatreme, with a varying degree of
xenoliths, as well as being the most heavily altered type; Type 3, consisting dominantly
of brecciated host rock interspersed within an altered mafic/carbonate matrix, likely
belonging to the upper extremes of the diatreme model (Mitchell, 1986).
Representative examples from all three facies were selected to confirm that these
intrusions are coeval and genetically related. The hypabyssal facies is significantly less
contaminated than higher in the diatreme structure, and contain significant relict olivine,
making it a prime subject for microprobe analysis. The upper diatreme facies, containing
abundant xenoliths and xenocrystic biotite, was utilized to identify the contaminating
crustal rock.
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Figure 2.3: Schematic illustration of typical diatreme morphology, with study samples
located and facies relations demonstrated. Modified after Mitchell (1986).
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3. ROCK DESCRIPTIONS
3.1. DIKE FACIES
Sample DB-35-98 corresponds to Kidwell #30, and belongs to the feeder dike
facies (Fig. 2.3). DB-35-98 is moderate olive brown on fresh, wet faces, and yellowish
orange on weathered faces. The rock is generally aphanitic (grain size up to 1 mm), but
rare, fractured calcite crystals are present. Constituent minerals appear equigranular and
generally eu- to subhedral. The rock is cut by numerous calcite veins of approximately 2
– 4 mm width (Fig. 3.1).
Microscopically, the rock is described by Kidwell (1947) as being most
abundantly calcite, both in groundmass and replacing earlier, scattered phenocrysts.
Phlogopite is also abundant in the groundmass, occurring as subhedral grains. Grains of
magnetite are scattered throughout the groundmass, slightly concentrated near phlogopite
clusters. Chlorite is present as greenish-yellow individual grains and fibrous aggregates,
commonly in association with calcite. Rare secondary, fine grained quartz aggregates are
reported as being present in the groundmass. Small quantities of apatite and garnet are
present (Kidwell, 1947).
A second dike sample (DR-111-98, corresponding to Kidwell #33) has been
identified as an olivine melilitite, based on modal mineral assemblage and textural
characteristics. This rock is fine-grained and dark gray to black in color, with lighter
greenish-gray serpentinized pseudomorphs randomly distributed. Pseudomorphs are euto subhedral, with continuous variation in size, from .5 - 4 mm in length. Thin (1 mm
width) calcite veins pervade the rock (Fig. 3.2).
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Microscopic analysis indicates that the phenocryst assemblage is dominantly olivine
completely altered to serpentine and calcite (~30%). These masses range in size

Figure 3.1: Dike facies rock Kidwell #30, hand sample view. Calcite veins are prominent
features that pervade the entire rock.

Figure 3.2: Dike facies rock Kidwell #33, hand sample view. Thin calcite veins and
pseudomorphic serpentine phenocrysts are visible against the black groundmass.
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as previously mentioned, and generally present an intact euhedral shape (Fig. 3.3). Some
serpentine/calcite pseudomorphs appear “cored” by altered olivine or phlogopite (likely
due to cutting effects). Pyroxene is present as small (~200 – 500 micron), prismatic
phenocrysts and as altered (typically to calcite) masses. Primary calcite is present as rare,
~200-400 micron euhedral grains.
The groundmass is approximately 35 - 40% melilite, which occur as randomly
oriented subhedral lathes (approx. 200 microns in length), and rare euhedral phenocrysts,
roughly 100 to 150 microns in length. Fine grained magnetite is a primary constituent of
the groundmass (~10%), and generally appear as subhedral crystals somewhat
concentrated near pseudomorphic phenocrysts, possibly indicating a secondary origin.
Phlogopite is scattered throughout the groundmass as small (<100 micron length),
equigranular subhedral grains, and comprise roughly 10% of the matrix. Calcite is found
as eu- to subhedral rhombs (100 to 200 microns) and interstitial fill throughout the
groundmass. Apatite is present in the matrix as very small, slender crystals of random
orientation.
3.2. HYPABYSSAL FACIES
Samples BHF-01-24 and DR-31-98 correspond to Kidwell #24, in the lower
portions of the diatreme facies. Samples BHF-01-24 and DR-31-98 are porphyritic, with
subhedral to anhedral partially altered, red to black, olivine phenocrysts, up to 2 cm in
size, set in a light grey aphanitic groundmass (Fig. 3.3). Also visible in hand sample are
aggregates of phlogopite mica, and thin veins of calcite (<1 mm) cutting through the rock
body (Fig. 3.4).
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Figure 3.3: Dike facies Kidwell #33, hand drawn sketch. Highly euhedral serpentine,
pseudomorphic after olivine is visible as the primary rock consitituent. Abundant lathe
shaped melilite, irregular-shaped pyroxene, and euhedral calcite also represented.
Abundant magnetite is present throughout the rock.

Microscopic examination indicates that variably serpentinized olivine comprises a
visually estimated 50% of the rock mass. Olivines exhibit a continuous size distribution,
up to 2 centimeters length, and are generally highly altered, with a subhedral shape.
Olivines are altered from the rim inward, and along fractures (lending a “shattered”
appearance to relict olivine), preserving the magmatic crystal form. A number of
disequilibrium textures are present in the macrocrysts: dark oxide rims surround the
majority of olivines, and many macrocrysts demonstrate a number of “channels”,
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Figure 3.4: Hypabyssal facies rock Kidwell #24, hand sample view. Porphyritic texture is
clearly visible, with dark gray macrocrysts of altered olivine against lighter gray matrix.
Callout demonstrates typical sub- to anhedral form of macrocrysts.
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filled with presumably later-stage mineralization (Fig. 3.5; Fig. 3.6), additionally, the
subhedral shape of these macrocrysts may in part be due to resorption.
Phlogopite is abundant (~15-20% of rock mass) in the hypabyssal facies rock,
both as euhedral, tabular, phenocrysts (millimeter scale) and as a sub- to anhedral
groundmass constituent (micron scale). Phlogopite tends to be present in clusters
alongside, and within, olivine macrocrysts, often as rims and “channel fill”. This suggests
a reaction relationship with olivine that will be discussed in detail in Section 6.5.
Minor mineral phases are varied in distribution and appearance. Subhedral garnet
has been described within the rock (Kidwell, 1947), but was not encountered in this
study. Apatite is present as small (<25 micron) hexagonal crystals, interstitial fill, as well
as rare acicular inclusions in phlogopite. Small (<50 micron) opaque octahedral crystals
are present, also randomly distributed, and are inferred to be magnetite, which is
consistent with prior work (Kidwell, 1947). Low quantities of chromite are present,
loosely distributed in the groundmass as deep reddish-brown, euhedral grains with black
rims. Small (<10 micron) octahedra of perovskite are present in both groundmass and as
rare inclusions in phlogopite. Quartz inclusions are present in a number of lapilli
structures, and likely represent sand grains from the intruded strata.
3.3. UPPER DIATREME FACIES
ZF-01-01-15 corresponds to Kidwell #54, sourcing from the upper diatreme
facies. The rock hosts a significant number of granite xenoliths in a light olive gray
groundmass (Figure 3.7). Visible xenoliths and xenocrysts include chert nodules,
orthoclase feldspar, quartz grains, carbonate, and abundant black biotite, in both granite
nodules as well as scattered throughout the groundmass.
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D

Figure 3.5: Hypabyssal facies Kidwell #24, hand drawn sketch. Pervasive alteration of
olivine, illustrating the “shattered” appearance and “channels” of later-stage minerals
such as phlogopite.

BHF-01-24

Cal + Srp + Mag
200 um

Srp
Ol

Channel

Figure 3.6: Hypabyssal facies rock Kidwell #24, cross-polar micrograph demonstrating
typical configuration of phenocrysts. Note the extensive alteration from rim to core, and
along fractures in the phenocryst.
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Xenoliths are angular to subrounded, and nonequigranular, with a continuous size
distribution, ranging from over four centimeters to less than a millimeter in diameter.
Other workers have identified lapilli in this rock, but these were not observed in this
study. The groundmass comprises a fine-grained mixture of calcite, sand grains, chlorite
and limonite (Kidwell, 1947).

Chert
Feldspar

Biotite

Figure 3.7: Upper diatreme facies rock Kidwell #54, hand sample view. Xenolith content
is clearly visible against the groundmass, including orthoclase feldspar, chert nodules, as
well as biotite xenocrysts.
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4. ANALYTICAL METHODS
4.1. MICROPROBE ANALYSIS
Electron microprobe studies were performed in the Earth and Planetary Sciences
Microanalysis Facility of Washington University of St. Louis on a JEOL JXA-8200
Superprobe, corrected with ZAF algorithm. Analyses primarily focused on intact olivine
cores, as far away from fractures and rims as possible. However, a number of analyses
were specifically performed to acquire composition data of these potentially
geochemically altered areas, to better characterize the crystallization process and
compositional homogeneity. In total, 169 analyses across 52 preselected olivine crystals
were performed at parameters optimized for lowered detection limits: acceleration
voltage was set to 20 kV and beam current fixed to 100 nA, with spot size of 10 µm.
Count times varied depending on element measured, which included Si and Mg (25s peak
count time, 10s on each background); Mn, Ni, Ca, Co, Cr, P, Al, Ti (45s peak count time,
20s on each background). San Carlos olivine (NMNH# 111312-44) and Kakanui
hornblende (NMNH# 143965) were analyzed during sessions as independent, secondary
standards to monitor accuracy and precision (Jarosewich, 2002). Average percent errors
(with 2σ standard deviations) for each analysis are as follows: P (48.38% +/- 232.26%),
Ca (1.10% +/- .13%), Mg (0.11% +/- .00%), Si (0.11% +/- .00%), Mg (2.00% +/- .08%),
Fe (0.14% +/- .00%), Ti (35.92% +/- 33.27%), Cr (6.83% +/- 2.90%), Co (8.17% +/.70%), Ni (0.78% +/- .11%). Tables of primary standards utilized and detection limits are
provided in Appendix C.
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4.2. 39AR/40AR GEOCHRONOLOGY
Biotite mineral grains from samples DB-35-98, DR-31-98, BHF-01-24, and ZF01-01-15 were manually separated at the Missouri University of Science and Technology.
Samples thus prepared were irradiated in the USGS TRIGA reactor in Denver, CO,
utilizing Fish Canyon sanidine as the flux monitor (average J value of all samples:
0.019993 +/- 0.000086, 1σ). Samples were analyzed in the Auburn Noble Isotope Mass
Analysis Laboratory (ANIMAL) at Auburn University, where a CO2 laser was used to
extract argon contents, via both laser step-heating and single-crystal fusion. A general
probability distribution and mean of single crystal ages for each sample was obtained, as
well as spectra of possible ages for each sample (e.g. plateau ages). Detailed
methodology and description of ANIMAL facilities are provided in Appendix C and D,
respectively.
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5. RESULTS
5.1. 39AR/40AR GEOCHRONOLOGY
Summarized 40Ar/39Ar data and statistics for all biotite phases are presented in
Fig. 5.1. Sample DB-35-98 yielded a plateau age of 386.25 +/- 0.40 Ma (MSWD = 0.44),
releasing all 39Ar contents. Phlogopite present in sample BHF-01-24 yielded a clear
plateau age of 386.53 +/- 0.31 Ma, and a MSWD of 0.95, releasing a total of 89.5% of
39

Ar contents. DR-31-98 phlogopite yielded a similar plateau age of 386.02 +/- 0.44 Ma

(MSWD = 1.5), releasing 97.6% of 39Ar contents.
The dark brown/black biotite phase present in sample ZF-01-01-15 yielded a
series of ages, with a distinct peak at 386 Ma, weaker peaks at 520 Ma, 860 Ma, and 1020
Ma. A series of strong peaks is present in the interval between 1.2 to 1.35 Ga.
5.2. MICROPROBE ANALYSIS
Representative major, minor, and trace element data for olivine macrocrysts are
listed in Table 1. Major element abundances show similar variation both within
individual phenocrysts and among all olivines analyzed (Fig. 5.2). The forsterite
component of olivine phenocrysts varies from 88.9 to 86.9 with an average value of 88.0
+/- .45 (N=52; 1σ). This is consistent with prior microprobe data from Mansker (1973),
which indicate that Kidwell #24 olivines range in forsterite number from 87 to 89,
averaging 88.
Minor and trace elements showed varying degrees of heterogeneity, regardless of
the phenocryst size, nor related to the proximity of analyses to altered rims and cores.
MnO and NiO concentrations were abundant, as expected by the great geochemical
compatibility of these elements, ranging from 1853 to 1380 ppm and 3580 to 1628 ppm,
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respectively. Al2O3 content was generally below detection limit, ranging from 923 ppm to
undetectable. Concentrations of transition metal oxides are generally lower, including
TiO2 (range from 267 to 11 ppm), Cr2O3 (slightly higher concentrations, ranging more
widely from 1603 to 97 ppm), and CoO (ranging from 259 to 127 ppm). P2O5
concentrations showed a wide range, from 432 ppm to undetectable, averaging 96 ppm.
Full data tables with elemental abundance analyses are available in Appendix E.

Figure 5.1: 40Ar/39Ar geochronology results. A – C: Results of step-heating for samples:
A) BHF-01-24 (Kidwell #24 – hypabyssal facies), B) DR-31-98 (Kidwell #24 –
hypabyssal facies) and C) DB-35-98 (Kidwell #30 – dike facies). D: Relative probability
plot of ages derived from sample ZF-01-01-15 (Kidwell #54 – upper diatreme facies).
Strongest peak age is at 386 +/- 1 Ma. A second cluster of peaks appear at approximately
1.2 – 1.35 Ga. Diatreme figure with facies source outlined modified from Mitchell
(1986).
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Table 5.1: Representative individual analyses from BHF-01-24 relict olivine.
Fract.

Core

Rim

Core

Fract.

Core

Fract.

Core

Rim

Core

FeO Wt%
MgO Wt%
SiO2 Wt%
P2O5 (ppm)
CaO (ppm)
Al2O3 (ppm)
MnO (ppm)
TiO2 (ppm)
Cr2O3 (ppm)
CoO (ppm)
NiO (ppm)

11.43
47.58
40.86
91
1487
b.d.l.
1483
82
481
221
2806

11.48
47.58
40.98
b.d.l.
1430
b.d.l.
1481
123
422
240
2805

10.87
48.08
40.99
170
1921
b.d.l.
1384
61
639
175
3251

10.86
47.99
40.87
b.d.l.
2083
b.d.l.
1472
149
600
191
3057

11.62
47.53
40.76
82
2277
b.d.l.
1594
203
522
175
2148

11.60
47.56
40.74
76
2194
b.d.l.
1521
85
397
173
2168

11.93
47.36
40.94
b.d.l.
1680
b.d.l.
1615
103
258
197
2076

12.04
47.21
40.78
67
1631
b.d.l.
1687
114
279
211
2105

11.91
47.17
40.83
54
1662
b.d.l.
1536
155
369
217
2501

12.02
47.16
40.83
104
1656
b.d.l.
1571
149
322
187
2496

Total

100.52

100.66

100.68

100.45

100.61

100.55

100.79

100.61

100.54

100.64

Fo

88.1

88.1

88.7

88.7

87.9

88.0

87.6

87.5

87.6

87.5

P Cations
Ca Cations
Mg Cations
Al Cations
Si Cations
Mn Cations
Fe Cations
Ti Cations
Cr Cations
Co Cations
Ni Cations
O Cations

0.0002
0.0039
1.743
b.d.l.
1.004
0.0031
0.235
0.0002
0.0009
0.0004
0.0055
4

b.d.l.
0.0038
1.7401
b.d.l.
1.0054
0.0031
0.2355
0.0002
0.0008
0.0005
0.0055
4

0.0004
0.005
1.7542
b.d.l.
1.0032
0.0029
0.2226
0.0001
0.0012
0.0003
0.0064
4

b.d.l.
0.0055
1.7553
b.d.l.
1.0028
0.0031
0.2229
0.0003
0.0012
0.0004
0.006
4

0.0002
0.006
1.7413
b.d.l.
1.0016
0.0033
0.2389
0.0004
0.001
0.0003
0.0042
4

0.0002
0.0058
1.7433
b.d.l.
1.0018
0.0032
0.2385
0.0002
0.0008
0.0003
0.0043
4

b.d.l.
0.0044
1.7331
b.d.l.
1.005
0.0034
0.2448
0.0002
0.0005
0.0004
0.0041
4

0.0001
0.0043
1.7323
b.d.l.
1.0037
0.0035
0.2478
0.0002
0.0005
0.0004
0.0042
4

0.0001
0.0044
1.7309
b.d.l.
1.005
0.0032
0.2451
0.0003
0.0007
0.0004
0.005
4

0.0002
0.0044
1.7297
b.d.l.
1.0045
0.0033
0.2473
0.0003
0.0006
0.0004
0.0049
4

Total Cations

2.9955

2.9942

2.9958

2.9966

2.9973

2.9977

2.995

2.9961

2.9945

2.9949

Fract. – analysis near fracture
b.d.l. – below detection limit
Fo normalized to total cations
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Figure 5.2: Histogram showing the variation in Fo-component, averaged across each
olivine analyzed (Average: Fo88 +/- .45; N=52). Average olivine compositions closely
reflect the measurements obtained by Mansker (1973).
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6. DISCUSSION
6.1. OLIVINE COMPOSITIONAL VARIATION
Major Elements and Oxides:
Kidwell #24 olivines show a systematic variation in major element abundances,
reflected in a range of Fo content from 88.9 to 86.9. In whole-rock and individual mineral
phase compositions, higher Mg-numbers can typically be associated with mantle origins.
Consequently, increasing Fe is associated with higher degrees of magmatic evolution,
and trends of decreasing Mg and increasing Fe have been observed in similar alkalic and
ultramafic-origin olivines. This trend is evident in the olivine phenocrysts of the AAIP,
and this observation allows for the use of Fo in olivine as an fractionation index.
Olivine in many ultramafic and alkaline rocks demonstrate a distinctly bimodal
size distribution and a wide range in Fo content (upwards of 81.7 to 91.5 in Kangamiut,
Greenland kimberlites, 91 to 93 in typical orangeite phenocrysts). These olivines are
commonly interpreted as representing two separate phases, representing larger, more
magnesian, heavily resorbed/corroded xenocrysts and smaller, euhedral, iron-rich
phenocrysts, which are usually complexly zoned (Mitchell, 1995; Arndt et al., 2010).
Contrasting with the above, while major elements and oxides in the Kidwell #24
olivines do show intercrystalline variation and evolution in Fo content, across individual
grains, Fo contents are generally similar. Results suggest no systematic relationship
between major constituent abundances and crystal size (Fig. 6.1). This suggests that the
observed distribution in phenocryst size and the seemingly low degree of major element
variation within individual olivine phenocrysts are misleading. Compositional data and
petrographic observation of phenocrysts suggest that these phenomena may be the result
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Figure 6.1: Variation plots demonstrating the major element variation (Fo component)
and minor/trace element heterogeneity in Kidwell #24 olivine phenocrysts. The degree of
chemical zoning is practically the same regardless of phenocryst size. Macro and
microcrysts are distinguished as follows: Macro: >5 mm, Micro: <5 mm
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of “cut effects”, such that due to the distribution of olivine within the rock and the
orientation of the thin section slice, only portions of phenocrysts are often seen. In
addition, relict olivine phenocrysts may have been reduced to cores due to extensive
hydrothermal alteration, and the range in olivine Fo may be the result of heavily altered
and fractured olivine phenocrysts being reduced to relicts representing a range of
locations (e.g. original core, original rim).
Minor and Trace Elements and Oxides:
While significant variation exists in minor and trace element and oxide
abundances between olivine phenocrysts, individual grains tend to reflect essentially
similar quantities across the entire crystal, regardless of proximity to regions of alteration
(e.g. fractures, rims; see Fig. 6.2). This may be interpreted as: a) due to the cut effects
aforementioned, and/or b) the consequence of alteration destroying zonation originally
present around mineral rims.
Olivines show a distinct inverse relationship between NiO concentration and
decreasing Fo-component (Fig. 6.3), significantly overlapping the Tuerkubantao
peridotite (Deng et al., 2015). Conversely, a direct relationship between Fo and MnO
concentration exists (Fig. 6.4), reflecting similar trends in other ultramafic and alkalic
suites of rock. A direct relationship between NiO and MnO concentrations is visible,
plots of which (Fig. 6.5) illustrate two distinct trendlines. Similarly, plotting the ratio of
NiO/TiO concentrations vs. NiO concentration indicates a trend in Kidwell #24 olivines
that plots along the same path as the Dharwar kimberlite olivines (Rao and Dongre,
2009).
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Figure 6.2: Variation plot demonstrating minor/trace element heterogeneity in Kidwell
#24 olivine phenocrysts in relation to proximity to alteration. Measurements were
obtained near the center of intact olivine phenocrysts as well as near the altered rims of
phenocrysts and along serpentinized fractures. Results clearly indicate that variation is
generally constant regardless of distance from altered regions.
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Figure 6.3: Binary variation diagram of NiO vs. Fo number, plotting Kidwell #24 olivines
against olivines of other alkaline and ultramafic suites. Data sources: Tuerkubantao
peridotite (Deng et al., 2015; Xs), Damaping lherzolite xenoliths (Princivalle et al., 2013;
open diamonds), Dharwar craton kimberlite (Rao and Dongre, 2009; filled triangles),
Gabbro Akarem pyroxenite (Helmy and Mahallawi, 2003; open triangles) and Gabbro
Akaram dunite (Helmy and Mahallawi, 2003; plus symbols). A clear trend and
concentration overlap is present between BHF-01-24 (Kidwell #24) and Tuerkubantao
peridotite.

The range in and ratios of minor and trace element and oxide abundances may be
compared against Fo, or an oxide of known geochemical behavior as a fractionation
index. Plots of NiO vs. Fo indicate a well-clustered, straight-line inverse relationship
between NiO and Fo. This may be interpreted as evidence of depletion due to preferential
incorporation of Ni in early stages of fractional crystallization. MnO plots against Fo with
a much lower degree of change in oxide abundance from the beginning of fractional
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Figure 6.4: Binary variation diagram of MnO vs. Fo number, plotting Kidwell #24
olivines against olivines of other alkaline and ultramafic suites. Data sources:
Tuerkubantao peridotite (Deng et al., 2015; Xs), Damaping lherzolite xenoliths
(Princivalle et al., 2013; open diamonds), Dharwar craton kimberlite (Rao and Dongre,
2009; filled triangles), Gabbro Akarem pyroxenite (Helmy and Mahallawi, 2003; open
triangles) and Gabbro Akaram dunite (Helmy and Mahallawi, 2003; plus symbols).
Again, a clear trend and concentration overlap is present between BHF-01-24 (Kidwell
#24) and Tuerkubantao peridotite.

crystallization to the end. NiO vs. MnO plots indicate a slight increase in solid
partitioning of MnO as NiO depletes. Preservation of these trends is consistent with
fractional crystallization. This indicates that while alteration is extensive in Kidwell #24,
it has not changed the intrinsic magmatic composition of the olivines. Due to this, the
trace element abundances of these olivines may be used to characterize the mantle.
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Figure 6.5: Binary variation diagram of NiO vs. MnO, plotting Kidwell #24 olivines
against olivines of other alkaline and ultramafic suites. Data sources: Tuerkubantao
peridotite (Deng et al., 2015; Xs), Damaping lherzolite xenoliths (Princivalle et al., 2013;
open diamonds), Dharwar craton kimberlite (Rao and Dongre, 2009; filled triangles),
Gabbro Akarem pyroxenite (Helmy and Mahallawi, 2003; open triangles) and Gabbro
Akaram dunite (Helmy and Mahallawi, 2003; plus symbols). BHF-01-24 (Kidwell #24)
olivines appear to cluster very tightly, indicating a strong relationship between NiO and
MnO behavior in these rocks.

Due to the evidence supporting this mechanism, we suggest that this distinct
chemical zonation reflects evidence of fractional crystallization. This suggests that
Kidwell #24 olivine macrocrysts are phenocrysts, rather than melt-inherited xenocrysts,
as is often the case in kimberlites (Arndt et al., 2009). In addition, the preservation of
zonation rules out the possibilities of any intracrystalline diffusion due to melt residence
or post-emplacement alteration.
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Figure 6.6: Binary variation diagram of NiO/TiO vs. NiO abundance, plotting Kidwell
#24 olivines against olivines of other alkaline and ultramafic suites. Data sources:
Tuerkubantao peridotite (Deng et al., 2015; Xs), Damaping lherzolite xenoliths
(Princivalle et al., 2013; open diamonds), Dharwar craton kimberlite (Rao and Dongre,
2009; filled triangles), Gabbro Akarem pyroxenite (Helmy and Mahallawi, 2003; open
triangles) and Gabbro Akaram dunite (Helmy and Mahallawi, 2003; plus symbols). Two
trends appear on this plot, one best exemplified by BHF-01-24 (Kidwell #24) olivine and
the Tuerkubantao peridotite, which do not overlap, suggesting a higher abundance of TiO
as NiO abundance increases in the Kidwell #24 rock.

6.2. CHARACTERIZATION OF MANTLE SOURCES
Several elements, such as Ca, Ti, and Ni, and major elements Fe and Mg, have
been utilized in the distinction between melt precipitated and restite olivine (Foley, et al.,
2013; Brett et al., 2009). Abundances of some of these have been compared in Fig. 6.7,
indicating the degree of similarity between Kidwell #24 (diatreme facies) olivine
phenocrysts and olivine of other mafic, alkaline, and ultramafic rocks.
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Plotting Ni against Mn and Co contents demonstrates an association with a series
of distinct rock types: continental alkaline rocks (plume/rift related and otherwise),
diamondiferous mantle rocks, and kimberlites. Kidwell #24 olivines plot in the range of
eastern Mediterranean lamproites with regard to Ti and Ca (data sources: Dunn, 2002 for
Prairie Creek lamproite; Foley et al., 2013 for others). Two distinct trends are visible in
these data, one towards a similar abundances for both Mn/Co and Ni (in the ocean island
basalt, or OIB, field) and another trend with a generally more constant range of Mn/Co
abundance and a range of Ni content similar to the OIBs. The Kidwell #24 olivines plot
along this latter trend, possibly indicating similar mantle sources and/or melt
differentiation processes to other ultramafic suites.
Oxide concentration trends indicate similarity between the studied olivine
macrocrysts and Tuerkubantao mafic-ultramafic ophiolitic peridotite olivines (Fig. 6.3 –
6.5; Table 6.1). NiO and MnO concentrations between the two significantly overlap.
Cr2O3 concentrations are lower in the Tuerkubantao olivines (Deng et al., 2013), though
neither AAIP nor Tuerkubantao olivines show evidence of correlation between Fo# and
Cr2O3, likely due to the incompatibility of Cr in metasomatized peridotitic melts and the
difficulty in detection of such low-abundance trace elements via EPMA.
6.3. OLIVINE GEOTHERMOMETRY
Having established that phenocryst compositions reflect magmatic conditions,
geothermometric calculations on the model of Beattie (1993), corrected for pressure
(Herzberg and O’Hara, 2002), and simplified by Putirka (2008) were performed. This
model is well suited to calculation of reservoir temperature with inputs of pressure, melt
composition, and composition of olivine phenocrysts, assuming equilibrium with melt.
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Figure 6.7: Elemental abundance variation diagrams showing the relationship of BHF-0124 olivine macrocrysts with olivine from other mafic and ultramafic assemblages. Data
sources: Foley, et al. 2013; Dunn, 2002 (Praire Creek lamproite).
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Table 6.1: Comparison of BHF-01-24 olivine elemental concentrations to similar
ultramafic rocks.
Kidwell
#24

Element (ppm)

Garnet
peridotite
xenoliths

Data Source:

Dunite

Bodinier, et al.
1987

Peridotite

Olivine
pyroxenite

Irvine, 1974

Tuerkubantao
peridotite
tek06-3

Deng, et al. 2015

Cr

255

230

140

220

35

21

Ni

1863

3047

1000

840

840

2043

Ca

1406

1353

-

-

-

322

Mn

1170

962

1700

1800

1800

1239

Ti

89

175

15

8

30

0

The model used is provided in Appendix C. Parameters for modeling were:
whole-rock geochemical data (provided by the Missouri Geological Survey) for Kidwell
#33 (dike facies) utilized as parental melt (Table 6.2); an average olivine composition
(Fo87.9) from EPMA data; varying pressures, 1.6 GPa (approx. 80 km lithospheric depth),
3.5 GPa (approx. 120 km lithospheric depth), and 5.4 GPa, at the modern-day Missouri
lithosphere-asthenosphere boundary (LAB) (Van der Lee, 2002).
Results of geothermometric modeling are available in Table 6.3. Equilibrium
temperature appears to be generally most dependent upon composition of parental melt,
followed by pressure/depth in lithosphere. Temperature calculations increase in a linear
fashion with increasing pressure; using the 1.6 GPa and 3.5 GPa pressure parameters
produces a range of olivine-liquid equilibrium temperature from 1488°C to 1628°C.
Results exceed melt temperatures typically suggested in studies of alkalic and ultramafic
rocks. This is due to a number of possible factors: the chosen model may not be
particularly well suited for calculations involving such high-pressure silica-
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Table 6.2: Kidwell #33 dike whole-rock composition.

Oxide

Wt. %

Recaclulated
to 100%

SiO2
TiO2
Al2O3
Fe2O3
MnO
MgO
CaO
Na2O
K2O
P2O5
Cr2O3
Total

37.3
2.07
8.64
12.36
0.18
15.42
8.43
1.08
1.17
0.68
0.12
87.45

42.7
2.4
9.9
14.1
0.2
17.6
9.6
1.2
1.3
0.8
0.1
100.0

Table 6.3: Results of geothermometric modeling.

Parental Melt
Kidwell #33
Whole Rock
Data

KD(FeMg)
0.308

Lithospheric
Depth (km)
80
120
180 (LAB)

P (GPa)

T(°C)

1.6
3.5
5.4

1488
1628
1764

-undersaturated systems (Goncalves et al., 2013), and/or the Kidwell #33 dikes may not
accurately represent the parental melt, and simply represent a differentiated magma that
does not correspond to the alnöite.
Most alkaline, ultramafic, and carbonatite melts are considered to source from
deep within subcontinental lithospheric mantle, under high temperature and pressure
conditions, but are typically associated with high abundances of volatiles. Due to the lack
of whole-rock volatile abundance data, our calculations only apply to anhydrous systems,
so these temperatures reflect melting of dry peridotite up to 4 GPa. Thus, it is possible
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that equilibrium temperature results are overestimated, and would be significantly
depressed (Jones et al., 2013) if the primary melt was derived from partial melting of
metasomatized lithosphere (Fig. 6.8). It is also a distinct possibility that these estimates
are accurate, and are correctly reflecting dry peridotite melt temperatures, which will be
discussed in detail in Section 6.5.
Minor and trace element abundances may also provide insight into the
temperature controls on the magmatic system. Ca partitioning into olivine is a function of
pressure, and AAIP olivine Ca concentrations reflect the “extrusive and hypabyssal
rocks” ranges (>.1 wt% Ca) of Simkin and Smith (1970), reflecting a crystallization
pressure at shallow lithosphere or crustal levels. Conversely, Ca content has been shown
to be dependent on temperature as well, with higher Ca concentrations correlated to
increased temperature by many thermometers in spinel peridotites (O'Reilly et al., 1997).
Simple graphical estimation based on the Ca and Ti trends vs temperature observed by
O’Reilly and others indicates a temperature of approximately 1500°C to 1550°C, though
ranging much higher (2400°C to 3600°C) for the olivines with the highest contents of Ca
and Ti, respectively, indicating that there are likely more mechanisms controlling Ti and
Ca contents than simply temperature and pressure in this magmatic system.
6.4. 40AR/39AR GEOCHRONOLOGY
Three different facies (upper and hypabyssal facies, dike facies) were dated.
Within uncertainty, all facies are dated a yield a precise date of 386 Ma, which is coeval
with uplift on the northern fault block of the SGFZ. These results confirm that the
intrusions are Devonian in age, and are both spatially and temporally related as an abrupt
intrusive event. Biotites collected from the upper diatreme facies record distinctly older
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dates that the crystallization age of the AAIP intrusions. These biotites are interpreted to
be xenocrystic, which is consistent with the presence of abundant, conspicuous, crustal
xenoliths of both basement and cover rocks (Kidwell, 1947; Mansker, 1973; Shavers et
al., 2016).

Figure 6.8: Melting curves for metasomatized peridotitic lithosphere, adapted from
Keshav and Gudfinnson, 2013. Geothermometric calculations based on Kidwell #33
parental melt and Kidwell #24 olivine composition reflect melt-olivine equilibrium
temperatures above the CO2-free peridotite solidus except at LAB pressures (~5.4 GPa).

The oldest and relatively abundant population of xenocrysts yielded dates that
closely correspond to the age of the St. Francois intrusion (Bickford and Mose, 1974),
and thus we interpret this age peak to be related to assimilation of Proterozoic basement
granite of the Eastern Granite-rhyolite Province. Biotite xenocrysts that record younger
dates may represent either: 1) biotite derived from a similar basement source that has
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been partially resent due to argon loss (Tartese et al., 2011), or 2) biotites derived from
other rocks in the crustal column that represent other major geologic events (e.g. detrital
biotites from Grenville basement).
6.5. INFERENCES ON CRYSTALLIZATION
Extensive development of the active eastern margin of Euramerica during the
early Paleozoic saw consistent subduction and the eventual closure of the Rheic and
Iapetus Oceans (Murphy et al., 2006) via subduction. Subduction of oceanic lithosphere
is recognized as a source of volatile influx and equilibrium disruption, establishing it as a
well-known metasomatic process (Bebout and Barton, 1993; Prouteau et al., 2001;
Bebout, 2012). Low angle subduction has been genetically linked to mantle
metasomatism, melt generation, and emplacement of kimberlite in western North
America (Currie and Beaumont, 2011). Due to the potential similarity in tectonic
situation, observed chemical trends in olivine phenocrysts (this study), and the mantlederived carbonate-rich nature of many of the AAIP intrusions (Shavers et al., 2016), we
speculate that the AAIP is related to a similar low-angle subduction-related
metasomatism of mid-lower lithospheric peridotite, partial melting of the peridotite, and
fractional crystallization processes.
This petrogenetic model is incomplete, however, as it does not adequately explain
the disequilibrium textures mentioned in Section 4.2, nor does it account for the apparent
reaction relationship visible between olivine and phlogopite. The distinctly corroded and
resorbed olivine phenocrysts suggest disequilibrium with surrounding melt, though
fractional crystallization is indicated in the clearly melt-derived olivines. This suggests
that the melt was modified post-olivine crystallization, perhaps via mixing with a
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separate, lower temperature melt or decompression during magmatic ascent. This would
destabilize the olivine-melt system, leading to corrosion and development of “channels”
in the olivine, and beget the crystallization of phlogopite by reacting forsterite with
components of alkali feldspar and water in the melt as the magma ascended and
decompressed (Grant et al., 2014). Thus, the generalized reaction:
2Mg2SiO4 + K2O + 2MgO + Al2O3 + 4SiO2 + 2H2O → 2KMg3AlSi3O10(OH)2
Experimental data indicate that a single K-enriched carbonatitic melt may interact
with depleted continental lithospheric mantle peridotite at high pressure (5.5 – 7.0 GPa)
and moderate to high temperature (1200°C - 1350°C) to produce a silica-poor and alkalirich hybrid melt. This melt bears silicate phases with compositions markedly similar to
those of high-temperature partial melting of peridotite, such as olivine with sub- to
euhedral form, and Fo86-Fo89 in the case of carbonatite melt/lherzolite interaction (Sokol
et al., 2016). The olivine compositional characteristics of this experiment bear similarities
with AAIP olivine compositions, with regards to Fo content and textural qualities. In
addition, NiO, MnO and other oxide concentrations within AAIP olivine show broad
similarities with a variety of peridotite olivine analyses, and geothermometric modeling
suggests temperatures that match the dry-peridotite melting curve, reflecting these
compositional similarities. Thus, we suggest that the uniform nature of olivine major
element concentrations, and the linear trends evident in many minor/trace elements vs. a
fractionation index may indicate a parcel of dry peridotite interacting with a carbonatite
melt. This is a compelling mechanism, as it accounts for the low Fo ranges and distinctly
peridotitic minor and trace element compositions detected in olivine phenocrysts.
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The lithologic variation in the AAIP presents the problem of magmatic
differentiation. The immiscibility-driven/decompression differentiation of the mixedalkaline magma at near-surface pressures (Brooker and Kjarsgaard, 2010) may have
generated the more silica-rich (kimberlite, alnöite, etc.) and carbonate-rich (carbonatite)
lithologies observed in the AAIP, and may account for the rapid-growth and quench
textures (incl. acicular apatite inclusions in phlogopite). As the originally crystallizing
magma differentiated and exsolved volatiles, olivine would be subjected to turbulent
movement, likely mechanically fracturing them (fracturing may also be due to
decompression) while newly-crystallizing phases accreted onto the existing phenocrysts.
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7. CONCLUSION
The structural configuration and degree of brecciation observable in the diatreme
facies of the Avon Alkaline Igneous Province indicates a Devonian-age explosive
emplacement of a complex magma that has resulted in a diverse range of lithologies.
Major and minor-element geochemical characterization of Avon Alkaline Igneous
Province alnöitic olivines suggests processes of crystal fractionation. This is indicative of
the likelihood that the AAIP olivines are phenocrysts, and magmatic in origin.
Disequilibrium textures in olivine phenocrysts suggest an alteration of melt
conditions (such as decompression or variation in oxygen fugacity) or compositions. It is
also possible that interaction between depleted lherzolitic continental lithospheric mantle
and carbonatite melt at middle-lower lithospheric depth and subsequent differentiation
near-surface resulted in the emplacement of the diverse lithologies seen in the AAIP.
While these data and conclusions presented in this study suggest that these
processes are consistent with observed olivine characteristics, future work, particularly in
further characterization of minor, trace element, and REE abundances in phlogopite of
the alnöite, and characterization of olivine within melilitites of the AAIP may be able to
refine/refute upon this proposition, and further elucidate what mantle processes were
involved in this undoubtedly complex petrogenesis.
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SECTION

3. CONCLUSION

Major and minor-element geochemical characterization of Avon Alkaline Igneous
Province alnöitic olivines suggests processes of crystal fractionation. This is indicative of
the likelihood that the AAIP olivines are phenocrysts, and magmatic in origin, while
disequilibrium textures in olivine phenocrysts suggest an alteration of melt conditions
(such as decompression or variation in oxygen fugacity) or compositions. It is also
possible that interaction between depleted lherzolitic continental lithospheric mantle and
carbonatite melt at middle-lower lithospheric depth and subsequent differentiation nearsurface resulted in the emplacement of the diverse lithologies seen in the AAIP.
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APPENDIX A.
REGIONAL CONTEXT
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In the Midwestern U.S., a number of ultramafic and alkalic igneous occurances
are noted, ranging widely in lithology and age. However, the Devonian age of the AAIP
is apparently unique, and allows characterization of older mantle than the typically
Permian to Cretaceous ages of surrounding intrusives and volcanics. Pertinant geology,
ages, and structural relationships for these surrounding igneous bodies have been
summarized below.
In Illinois, massive influx of ultramafic melt led to the formation of a series of
breccias and intact intrusive bodies collectively referred to as Hicks Dome, each with a
unique formation history, as suggested by Bradbury and Baxter (1992). Hicks Dome
rocks consist of a series of shatter breccias, vent breccias, carbonate-rich breccias, as well
as a series of dikes of uncertain ultramafic petrology. The age of brecciation was dated
(Zartman et. al., 1967) to around 270 Ma, though other workers have argued that the
intrusions are temporally related to the reactivation of the New Madrid Rift Complex
during the Mesozoic.
Of particular interest amongst the Permian ultramafics in the southeastern U.S. is
the Cottage Grove Dike, of western Kentucky and southern Illinois. The roughly 10
meter wide dike is compositionally alnöite, and is centered on the Tolu Arch, striking
with it to the northwest (Denny, 2005). The Cottage Grove Fault Zone runs directly
through the Cottage Grove Dike, with high-angle normal faults trending generally eastwest, and northwest-trending oblique faults, of which some are filled with mafic and
ultramafic dike material (including the Cottage Grove Dike). The dike is suggested to be
coeval with the brecciations/volcanism of the Hicks Dome (approx. 270 Ma; Zartman et.
al., 1967).
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Ultramafic activity in the southeastern and Midwestern U.S. appears to have
increased during the Cretaceous period. The variably-altered kimberlite pipes of Riley
and Marshall Counties, Kansas, have been dated via the K/Ar method to 95 – 112 Ma
(Zartman et. al., 1967; Hausel, 1998). In western Mississippi, southeastern Arkansas and
northeastern Louisiana, a number of mafic and ultramafic rock types have been
encountered in boreholes, including phonolites, trachytes, basalts, and undifferentiated
lamprophyres, often encountered alongside beds of breccia (Baksi, 1997). These rocks
have been dated from ~80 Ma to ~67 Ma through K/Ar geochronology.
The Jackson Dome is a structural high, ~40 km in diameter and located in central
Mississippi, under the city of Jackson. The dome consists of a major igneous
emplacement of both volcanic and hypabyssal rocks of similar types as those encountered
under the Monroe Uplift (Saunders and Harrelson, 1992). It is suggested that the Jackson
Dome represents rift-related partial melting of the mantle, during the rifting associated
with the opening of the Gulf of Mexico. This is consistent with the K/Ar dates obtained
by both Saunders and Harrelson (1992), as well as Baksi (1997), which are ~75-70 Ma
and ~74 Ma, respectively.
In Arkansas, ultramafic activity during the Cretaceous is expressed in the form of
the Prairie Creek Lamproite and the Magnet Cove ring-dike complex. The Prarie Creek
Lamproite is a series of seven diamondiferous lamproite vents of complex petrology
(Dunn, 2002). Baksi (1997) asserts that the lamproite intrusions were injected along
structural weaknesses related to the Gulf Coast Hinge Line. K/Ar dates from the
lamproite place the crystallization of the intrusions around 108 Ma.
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The Magnet Cove igneous complex of central Arkansas is a series of ring-dikes,
about 12 km2 in area, of variable lithology. The core of the complex is dominated by
ijolite and carbonatite, and processes outward into rings of trachyte and phonolite, and
nepheline syenites. Other rock types (such as gabbro, trachyte porphyry, and
jacuparangite) are scattered throughout the complex, in the forms of dikes, vein fills, and
stocks (Erickson and Blade, 1963). Rocks of the complex, as dated by Zartman and
others (1967) using the K/Ar and Rb/Sr technique on both biotite separates and wholerock, indicate an age of ~97 – 102 Ma.
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APPENDIX B.
BRIEF REVIEW OF DIATREME VOLCANISM
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Diatremes are brecciated collapse structures associated with the explosive
interaction of groundwater with mafic to ultramafic (or less commonly intermediate to
felsic), rapidly ascending, and low viscosity (Sparks, et. al, 2003) magmas from depths of
150 km or more. These structures tend to occur in localized clusters, though the
individual size of the diatreme craters can vary significantly, from less than 100 meters to
well over two kilometers in overall width, and from tens of meters to over 300 meters in
overall depth (Mitchell, 1986).
A number of models exist that explain the formation of diatremes. Among the
most prevalent are the phreatomagmatic model, and a variety of magmatic models. The
pheatomagmatic model, perhaps the best-accepted model, posits the process outlined
previously, wherein a magma sourcing from a feeder dike interacts with groundwater.
The magmas are thought to ascend by means of exsolution of dissolved volatiles
(generally carbon dioxide and water), and tend to entrain significant loads of mantle
xenoliths and xenocrysts (Russell, et al. 2012). Upon contacting groundwater, the
expanding mass of water vapor and magmatic volatiles lead to explosive pressure release
and heavy fracturing of the cooling volume of rock as well as surrounding country rock.
Diatremes exhibit a consistent general morphology. Near the very bottom of the
diatreme structure lies the feeder dike, representative of the magmatic source for the
volcano, which is typically not brecciated. Directly above the feeder dike lies the root
zone, which contains a number of explosively fractured breccias of country rock mixed
with intrusive igneous rock. The majority of the diatreme structure (the diatreme facies)
consists of variable amounts of volcanic rock incorporating metamorphosed country rock
and phreatomagmatic tephra. The lower portions of the diatreme facies contain a higher
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proportion of melt-derived rock, while conversely, the upper portions consist of higher
proportions of brecciated country rock. Tephra rises to the surface throughout the entire
diatreme through the feeder vent, while magma may continue to ascend through smaller
dikes throughout the diatreme facies (Lorenz, 2003).

Figure B-1: Schematic diagram of diatreme. (From Lorenz, 2003)

65

APPENDIX C.
DESCRIPTION OF COMPLETE ANALYTICAL METHODS
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Electron Probe Microanalysis
Electron probe studies were performed in the Earth and Planetary Sciences
Microanalysis Facility of Washington University of St. Louis (under the supervision of
Mr. Paul Carpenter) on a JEOL JXA-8200 Superprobe, corrected with ZAF algorithm.
The JXA-8200 is equipped with five wavelength-dispersive spectrometers (WDS) and a
silicon-drift energy dispersive spectrometer (EDS).
The electron microprobe emits a focused electron beam from a heated tungsten
filament that travels through a series of magnetic lenses under vacuum (10-5 torr). When
the electron beam reaches a spot on the specimen, inner orbital electrons are ejected from
the affected atoms in the beam, and characteristic wavelength x-rays are emitted due to
outer orbital electrons transitioning to inner orbitals. These x-rays are interpreted by the
spectrometers surrounding the specimen chamber, and elemental compositions can be
accurately calculated, limited primarily by count time and beam current (Janson and
Slaughter, 1982).
Slides were mounted in a six-slide capacity stage mount and a high-resolution
photo was captured to serve as a locator image, synchronized to the EPMA’s stage
coordinates. After insertion of the specimens, the column was evacuated and the beam
and spectroscopes calibrated with the primary standards. Each olivine analyzed was
individually imaged with the backscattered electron (BSE) detector, which shows relict
olivine in high contrast with surrounding serpentine (Fig. C-1 – C-12). Detection limits
are listed in Table C-1. Primary standards are listed in Table C-2.
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Table C-1: Detection limits for individual elements
Element

Detection
Limit (ppm)

P
Ca
Mg
Al
Si
Mn
Fe
Ti
Cr
Co
Ni

42 +/- .5
25 +/- .1
65 +/- .8
31 +/- .2
102 +/- .8
39 +/- .4
38 +/- .3
49 +/- .6
41 +/- .4
26 +/- .1
28 +/- .1

Table C-2: Primary standards used for EPMA analysis and calibration:
Standards
Cobalt Taylor 24
Glass 95IRV, Corning (S1-29) (KTiCrFeCeHf) NMNH 117083
Glass 95IRW, Corning (S1-30) (VMnCoCuCsBaLaTh) NMNH 117084
Glass 95IRX, Corning (S1-31) (NiZnRbSrYZrPbU) NMNH 117085
Forsterite Shankland syn P-658 (S1-6)
Fayalite RDS P-1086 (S1-7)
Ni Olivine syn P-877 (S1-9)
Mn Olivine RDS P-1087 (S1-8)
Olivine, San Carlos (S1-10) NMNH 111312/444
Olivine, Boyd 'Forsterite' P-623 (S2-2)
Wollastonite Gates (S1-12)
Hornblende, Kakanui (S1-20) NMNH 143965
Anorthite, Alaska (S1-2) NMNH 137041
TiO2 GRR (S1-21)
Cr2O3 P-585 (S1-22)
Fe2O3 Elba Hematite P-238 (S1-25)
Apatite (Fluor) Durango, (S1-32) NMNH 104021
Hornblende, Kakanui (S1-20) NMNH 143965
Forsterite Shankland syn P-658 (S1-6)
Olivine, San Carlos (S1-10) NMNH 111312/444
Olivine, Boyd 'Forsterite' P-623 (S2-2)
Hornblende, Kakanui (S1-20) NMNH 143965
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Figure C-1: BSE images of olivine analyzed from BHF-01-24, slide A, phenocrysts 1 – 6
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Figure C-2: BSE images of olivine analyzed from BHF-01-24, slide A, phenocrysts 7 –
10
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Figure C-3: BSE images of olivine analyzed from BHF-01-24, slide B, phenocrysts 1 - 6
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Figure C-4: BSE images of olivine analyzed from BHF-01-24, slide B, phenocrysts 7 –
12
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Figure C-5: BSE images of olivine analyzed from BHF-01-24, slide B, phenocrysts 13
and 14
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Figure C-6: BSE images of olivine analyzed from BHF-01-24, slide C, phenocrysts 1 – 3
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Figure C-7: BSE images of olivine analyzed from BHF-01-24, slide D, phenocrysts 1 – 6
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Figure C-8: BSE images of olivine analyzed from BHF-01-24, slide D, phenocrysts 7 – 9
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Figure C-9: BSE images of olivine analyzed from BHF-01-24, slide E, phenocrysts 1 – 6
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Figure C-10: BSE images of olivine analyzed from BHF-01-24, slide E, phenocrysts 7 –
12
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Figure C-11: BSE images of olivine analyzed from BHF-01-24, slide E, phenocryst 13
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Figure C-12: BSE images of olivine analyzed from BHF-01-24, slide F, phenocryst 1 – 3
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39Ar/40Ar

Geochronology Complete Methods

Samples were first thoroughly washed and dried to remove any biological
material or soil from surfaces, and weathered faces were broken away from the rock to
better obtain fresh material. Rocks were then processed with a Braun Chipmunk Model
VD67 jaw crusher. ZF-01-01-15 was subjected to an additional step whereby visible
fragments of country rock were removed from the crushed portion as thoroughly as
possible. Crushed material was passed through a BICO Type UA Pulverizer to reduce the
sample to approximately 300-500 micron powder, with thorough cleaning procedures
between each sample in both crusher and pulverizer to prevent cross-contamination.
Samples were run through a 500 micron and 250 micron series of sieves, and agitated on
medium speed for two hours each in a Central Scientific Company sieve shaker. The
fraction retained in the 500 micron sieve was determined to contain the greatest
abundance of biotite, so the remainder of the sample mass was retained separately, while
the 500 micron fraction was water rinsed in an Erlenmeyer flask until all rock dust
clinging to sample was removed.
Rinsed samples were placed in a desiccating oven for a period of approximately
one week. After being thoroughly dried, portions of each sample were placed in a petri
dish, and manually picked through with a steel probe and fine forceps under 40X
magnification to remove larger biotite grains. After manual culling, remaining biotite was
removed from the sample mass via a modified “paper-shake” method. This method
involved agitating an aliquot of sample over a sheet of standard 8.5” x 11” printer paper.
Due to the flat, pinacoidally-cleaved “flake” structure of biotite, grains presented great
frictional adherence to the paper. The remainder of the sample material was gently
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poured off of the page, leaving behind significant quantities of biotite. All biotite was
placed in a watch glass partially filled with denatured ethyl alcohol until approximately
200 grains were selected, then dried under a warming lamp. The biotite separates were
then placed into individually-labelled vials, and shipped to Dr. Willis Hames at the
Auburn Noble Isotope Mass Analysis Laboratory (ANIMAL) of Auburn University.
Samples were irradiated in the USGS TRIGA reactor in Denver, CO. Fish Canyon
sanidine (FC-2) and GA-1550 biotite were utilized as flux monitors. Samples were then
analyzed in the ANIMAL. A CO2 laser was used to extract argon contents, and obtain
two critical analyses. By fusing single crystals, a general probability distribution and
mean of single crystal ages for each sample was obtained. Additionally, incremental step
heating of large, pristine crystals was performed to obtain a spectrum of possible ages.
This process enables identification of any effects of extraneous argon, or radiogenic
argon loss that could adversely affect the reliability of age determinations.
Geothermometric Model – Modified Beattie (1993)
Geothermometry was performed with Equation 1, on the model of Beattie (1993),
corrected for pressure-sensitivity by Equation 2, the method of Herzberg and O’Hara
(2002) and simplified by Putirka (2008). This model is well suited to calculation of
reservoir temperature with inputs of pressure, melt composition, and composition of
olivine phenocrysts, assuming equilibrium with melt.
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APPENDIX D.
GEOCHRONOLOGY: ANALYTICAL FACILITIES DESCRIPTION
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The Auburn Noble Isotope Mass Analysis Laboratory (ANIMAL) was utilized for
40

Ar/39Ar age determinations in this study. A description of this facility is provided below

(with additional information at http://www.auburn.edu/ANIMAL):
a. This facility is equipped with an ultra-high vacuum, 90-degree sector, 10 cm
radius spectrometer optimized for 40Ar/39Ar research (single-crystal and multigrain
sample incremental heating). The spectrometer employs second-order focusing (Cross,
1951), and is fitted with a high sensitivity electron-impact source and a single ETP
electron multiplier (with signal amplification through a standard pre-amplifier). Analyses
are typically made using a filament current of 2.5 A, and potentials for the source and
multiplier of 2000 V and -1300 V, respectively. The total volume of the spectrometer is
400 cc. Resolution in the instrument (with fixed slits for the source and detector) is
constrained to ~150, and the high sensitivity and low blank of the instrument permits
measurement of 10-14 mole samples to within 0.2% precision. Analyses comprise 8
cycles of measurement over the range of masses and half-masses from m/e=40 to
m/e=35.5, and baseline corrected values are extrapolated to the time of inlet, or averaged,
depending upon signal evolution.
b. The extraction line for this system utilizes a combination of Varian ‘mini’ and
Nupro pneumatic valves, and Varian turbomolecular and ion pumps. Analysis of samples
and blanks is fully automated under computer control. Pumping of residual and sample
reactive gases is accomplished through use of SAES AP-10 non-evaporable getters.
Pressures in the spectrometer and extraction line, as measured with an ionization gauge,
are routinely below ~5x10-9 torr. A pipette delivers standard aliquots of air for use in
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measuring sensitivity and mass discrimination (typical measurements of 40Ar/36Ar in air
are ~ 292).
c. The extraction line is fitted with a 50W Synrad CO2 IR laser for heating and
fusing silicate minerals and glasses. The sample chamber uses a Cu planchet, KBr cover
slips, and low-blank UHV ZnS window (manufactured at Auburn University and based
on the design of Cox et al., 2003). In the present configuration, this laser system is
suitable for incremental heating and fusion analysis of single crystals and multigrain
samples. The laser beam delivery system utilizes movable optical mounts and a fixed
sample chamber to further minimize volume and improve conductance of the extraction
line. (The time required to inlet, or equilibrate, a ‘half-split’ of a sample is less than 7 s,
and the inlet time for a full sample is ca. 20 s.)
Computer control of the laser, positioning of laser optics, extraction line, mass
spectrometer, and data recording is enabled with National Instruments hardware and a
Labview program written by lab personnel specifically for ANIMAL. Initial data
reduction is accomplished through an in-house Excel spreadsheet, with final reduction
using Isoplot (Ludwig, 2003).
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APPENDIX E.
MICROPROBE ANALYSIS: COMPLETE TABLES OF ANALYSES
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Table D-1: Complete list of analyses, averaged by olivine
BHF-01-24 Slide A
SiO2 (wt. %)
FeO (wt. %)
MgO (wt. %)
MnO (ppm)
NiO (ppm)
CoO (ppm)
Cr2O3 (ppm)
TiO2 (ppm)
Al2O3 (ppm)
CaO (ppm)
P2O5 (ppm)
Total Wt%
Fo #
#Si
#Fe
#Mg
#Mn
#Ni
#Co
#Cr
#Ti
#Al
#Ca
#P
#O
Total
Cations

Olivine 1
40.77 +/- .06
11.56 +/- .12
47.455 +/- .1
1510 +/- 24
2370 +/- 20
198 +/- 13
372 +/- 40
148 +/- 20
b.d.l.
1967 +/- 22
62 +/- 26
100.436
88.0
1.003 +/- .001
0.238 +/- .002
1.741 +/- .003
0.003 +/- .000
0.005 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.005 +/- .000
0.000 +/- .000
4.000

Olivine 2
40.78 +/- .14
11.89 +/- .53
47.14 +/- .44
1516 +/- 55
2650 +/- 57
202 +/- 15
526 +/- 109
234 +/- 26
b.d.l.
2112 +/- 827
326 +/- 71
100.569
87.6
1.004 +/- .001
0.245 +/- .012
1.729 +/- .009
0.003 +/- .000
0.005 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.006 +/- .002
0.001 +/- .000
4.000

Olivine 3
40.83 +/- .06
11.90 +/- .06
47.27 +/- .06
1599 +/- 34
1948 +/- 9
198 +/- 8
446 +/- 39
184 +/- 16
b.d.l.
2126 +/- 20
92 +/- 51
100.643
87.6
1.004 +/- .000
0.245 +/- .001
1.733 +/- .000
0.003 +/- .000
0.004 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.006 +/- .000
0.000 +/- .000
4.000

Olivine 4
40.93 +/- .06
11.42 +/- .06
47.63 +/- .07
1491 +/- 39
2797 +/- 27
221 +/- 19
499 +/- 103
103 +/- 24
b.d.l.
1464 +/- 71
93 +/- 48
100.643
88.1
1.004 +/- .001
0.234 +/- .001
1.742 +/- .002
0.003 +/- .000
0.006 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.004 +/- .000
0.000 +/- .000
4.000

Olivine 5
40.94 +/- .06
10.87 +/- .01
48.00 +/- .07
1421 +/- 46
3134 +/- 103
179 +/- 10
638 +/- 37
74 +/- 70
b.d.l.
2018 +/- 85
119 +/- 65
100.548
88.7
1.004 +/- .001
0.223 +/- .000
1.754 +/- .001
0.003 +/- .000
0.006 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.005 +/- .000
0.000 +/- .000
4.000

2.996 +/- .001

2.994 +/- .001

2.995 +/- .001

2.995 +/- .001

2.996 +/- .001
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BHF-01-24 Slide A
SiO2 (wt. %)
FeO (wt. %)
MgO (wt. %)
MnO (ppm)
NiO (ppm)
CoO (ppm)
Cr2O3 (ppm)
TiO2 (ppm)
Al2O3 (ppm)
CaO (ppm)
P2O5 (ppm)
Total Wt%
Fo #
#Si
#Fe
#Mg
#Mn
#Ni
#Co
#Cr
#Ti
#Al
#Ca
#P
#O
Total
Cations

Olivine 6
40.89 +/- .06
10.72 +/- .04
48.34 +/- .12
1416 +/- 17
3405 +/- 25
187 +/- 21
781 +/- 30
107 +/- 41
b.d.l.
2134 +/- 177
118 +/- 74
100.751
88.9
1.004 +/- .001
0.219 +/- .001
1.762 +/- .002
0.003 +/- .000
0.007 +/- .000
0.000 +/- .000
0.002 +/- .000
0.000 +/- .000
0.000 +/- .000
0.006 +/- 0
0.000 +/- .000
4.000

Olivine 7
40.45 +/- .09
11.85 +/- .17
47.49 +/- .14
1503 +/- 20
2435 +/- 16
197 +/- 11
719 +/- 24
171 +/- 12
b.d.l.
1953 +/- 8
267 +/- 142
100.508
87.7
0.997 +/- .001
0.244 +/- .004
1.745 +/- .003
0.003 +/- .000
0.005 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.005 +/- .000
0.001 +/- .000
4.000

Olivine 8
40.46 +/- .13
10.68 +/- .02
48.21 +/- .10
1395 +/- 18
3553 +/- 19
192 +/- 13
798 +/- 89
125 +/- 61
b.d.l.
1971 +/- 14
58 +/- 44
100.142
88.9
0.996 +/- .002
0.220 +/- .001
1.770 +/- .005
0.003 +/- .000
0.007 +/- .000
0.000 +/- .000
0.002 +/- .000
0.000 +/- .000
0.000 +/- .000
0.005 +/- .000
0.000 +/- .000
4.000

Olivine 9
41.00 +/- .10
11.03 +/- .08
48.05 +/- .01
1449 +/- 32
3152 +/- 19
171 +/- 17
721 +/- 139
116 +/- 24
b.d.l.
2026 +/- 48
54 +/- 94
100.836
88.6
1.003 +/- .002
0.226 +/- .002
1.752 +/- .001
0.003 +/- .000
0.006 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.005 +/- .000
0.000 +/- .000
4.000

Olivine 10
40.65 +/- .10
12.03 +/- .10
47.23 +/- .06
1573 +/- 33
2435 +/- 31
206 +/- 10
405 +/- 50
151 +/- 35
b.d.l.
1653 +/- 41
63 +/- 80
100.530
87.5
1.002 +/- .000
0.248 +/- .001
1.735 +/- .002
0.003 +/- .000
0.005 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.004 +/- .000
0.000 +/- .000
4.000

2.999 +/- .001

3.001 +/- .000

3.003 +/- .002

2.996 +/- .001

2.998 +/- .000
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SiO2 (wt. %)
FeO (wt. %)
MgO (wt. %)
MnO (ppm)
NiO (ppm)
CoO (ppm)
Cr2O3 (ppm)
TiO2 (ppm)
Al2O3 (ppm)
CaO (ppm)
P2O5 (ppm)
Total Wt%
Fo #
#Si
#Fe
#Mg
#Mn
#Ni
#Co
#Cr
#Ti
#Al
#Ca
#P
#O
Total
Cations

BHF-01-24 Slide B
Olivine 1
Olivine 2
40.95 +/- .04
40.94 +/- .18
11.71 +/- .14
11.87 +/- .02
47.70 +/- .07
47.55 +/- .13
1515 +/- 33
1520 +/- 16
2647 +/- 54
1645 +/- 25
196 +/- 17
197 +/- 3
460 +/- 134
222 +/- 12
164 +/- 42
223 +/- 38
b.d.l.
b.d.l.
1820 +/- 81
2008 +/- 34
50 +/- 38
142 +/- 11
101.023
100.942
87.9
87.7
1.002 +/- .001 1.003 +/- .001
0.240 +/- .003 0.243 +/- .000
1.741 +/- .002 1.737 +/- .001
0.003 +/- .000 0.003 +/- .000
0.005 +/- .000 0.003 +/- .000
0.000 +/- .000 0.000 +/- .000
0.001 +/- .000 0.000 +/- .000
0.000 +/- .000 0.000 +/- .000
0.000 +/- .000 0.000 +/- .000
0.005 +/- .000 0.005 +/- .000
0.000 +/- .000 0.000 +/- .000
4.000
4.000

Olivine 3
40.89 +/- .10
12.04 +/- .04
47.40 +/- .16
1651 +/- 23
1692 +/- 26
187 +/- 6
271 +/- 35
158 +/- 56
b.d.l.
2535 +/- 20
31 +/- 52
100.960
87.5
1.003 +/- .001
0.247 +/- .000
1.733 +/- .003
0.003 +/- .000
0.003 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.007 +/- .000
0.000 +/- .000
4.000

Olivine 4
40.89 +/- .13
11.66 +/- .21
47.60 +/- .12
1510 +/- 65
2662 +/- 18
178 +/- 10
457 +/- 12
167 +/- 16
b.d.l.
1656 +/-107
82 +/- 38
100.806
87.9
1.003 +/- .002
0.239 +/- .004
1.740 +/- .007
0.003 +/- .000
0.005 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.004 +/- .000
0.000 +/- .000
4.000

Olivine 5
40.93 +/- .02
10.90 +/- .05
48.17 +/- .07
1411 +/- 23
3312 +/- 49
186 +/- 6
857 +/- 58
128 +/- 79
b.d.l.
1988 +/-27
127 +/- 186
100.791
88.7
1.001 +/- .001
0.223 +/- .001
1.756 +/- .002
0.003 +/- .000
0.007 +/- .000
0.000 +/- .000
0.002 +/- .000
0.000 +/- .000
0.000 +/- .000
0.005 +/- .000
0.000 +/- .000
4.000

2.997 +/- .001

2.997 +/- .001

2.996 +/- .002

2.998 +/- .000

2.996 +/- .001

88

SiO2 (wt. %)
FeO (wt. %)
MgO (wt. %)
MnO (ppm)
NiO (ppm)
CoO (ppm)
Cr2O3 (ppm)
TiO2 (ppm)
Al2O3 (ppm)
CaO (ppm)
P2O5 (ppm)
Total Wt%
Fo #
#Si
#Fe
#Mg
#Mn
#Ni
#Co
#Cr
#Ti
#Al
#Ca
#P
#O
Total
Cations

BHF-01-24 Slide B
Olivine 6
Olivine 7
40.99 +/- .07
40.75 +/- .16
11.66 +/- .18
12.94 +/- .56
47.62 +/- .14
46.70 +/- .42
1525 +/- 34
1745 +/- 81
2396 +/- 82
2150 +/- 145
191 +/- 13
225 +/- 24
532 +/- 72
223 +/- 136
119 +/- 54
142 +/- 27
b.d.l.
b.d.l.
2000 +/- 79
1251 +/- 91
85 +/- 192
68 +/- 48
100.946
100.947
87.9
87.6
1.004 +/- .002 1.003 +/- .001
0.239 +/- .004 0.266 +/- .012
1.738 +/- .006 1.715 +/- .011
0.003 +/- .000 0.004 +/- .000
0.005 +/- .000 0.004 +/- .000
0.000 +/- .000 0.000 +/- .000
0.001 +/- .000 0.000 +/- .000
0.000 +/- .000 0.000 +/- .000
0.000 +/- .000 0.000 +/- .000
0.005 +/- .000 0.003 +/- .000
0.000 +/- .000 0.000 +/- .000
4.000
4.000

Olivine 8
40.98 +/- .01
11.73 +/- .02
47.71 +/- .00
1536 +/- 69
1947 +/- 10
214 +/- 3
413 +/- 22
155 +/- 18
b.d.l.
2126 +/- 8
148 +/- 77
101.045
87.9
1.003 +/- .001
0.240 +/- .000
1.740 +/- .000
0.003 +/- .000
0.004 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.006 +/- .000
0.000 +/- .000
4.000

Olivine 9
40.91 +/- .02
11.57 +/- .11
47.63 +/- .19
1493 +/- 2
2545 +/- 12
210 +/- 23
431 +/- 23
102 +/- 32
b.d.l.
2002 +/- 18
36 +/- 71
100.771
88.0
1.003 +/- .001
0.237 +/- .003
1.741 +/- .005
0.003 +/- .000
0.005 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.005 +/- .000
0.000 +/- .000
4.000

Olivine 10
40.65 +/- .07
10.98 +/- .01
48.20 +/- .09
1464 +/- 6
3272 +/- 20
189 +/- 20
765 +/- 40
157 +/- 32
b.d.l.
1903 +/- 15
104 +/- 106
100.595
88.7
0.997 +/- .001
0.225 +/- .000
1.763 +/- .002
0.003 +/- .000
0.006 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.005 +/- .000
0.000 +/- .000
4.000

2.995 +/- .002

2.996 +/- .000

2.996 +/- .001

3.002 +/- .001

2.996 +/- .001
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SiO2 (wt. %)
FeO (wt. %)
MgO (wt. %)
MnO (ppm)
NiO (ppm)
CoO (ppm)
Cr2O3 (ppm)
TiO2 (ppm)
Al2O3 (ppm)
CaO (ppm)
P2O5 (ppm)
Total Wt%
Fo #
#Si
#Fe
#Mg
#Mn
#Ni
#Co
#Cr
#Ti
#Al
#Ca
#P
#O
Total
Cations

BHF-01-24 Slide B
Olivine 11
Olivine 12
40.46 +/- .10
40.88 +/- .06
11.54 +/- .14
11.94 +/- .23
47.61 +/- .14
47.15 +/- .21
1524 +/- 23
1569 +/- 32
2803 +/- 53
2371 +/- 39
199 +/- 14
188 +/- 12
476 +/- 37
389 +/- 56
107 +/- 37
132 +/- 38
b.d.l.
b.d.l.
1614 +/- 96
1716 +/- 126
102 +/- 36
90 +/- 26
100.265
100.589
88.0
87.6
0.998 +/- .001 1.006 +/- .000
0.238 +/- .003 0.246 +/- .005
1.751 +/- .002 1.729 +/- .005
0.003 +/- .000 0.003 +/- .000
0.006 +/- .000 0.005 +/- .000
0.000 +/- .000 0.000 +/- .000
0.001 +/- .000 0.001 +/- .000
0.000 +/- .000 0.000 +/- .000
0.000 +/- .000 0.000 +/- .000
0.004 +/- .000 0.005 +/- .000
0.000 +/- .000 0.000 +/- .000
4.000
4.000

Olivine 13
40.93 +/- .13
12.08 +/- .25
47.26 +/- .23
1562 +/- 55
2414 +/- 9
203 +/- 16
315 +/- 48
102 +/- 72
b.d.l.
1825 +/- 93
16 +/- 28
100.891
87.5
1.005 +/- .001
0.248 +/- .006
1.729+/- .005
0.003 +/- .000
0.005 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.005 +/- .000
0.000 +/- .000
4.000

Olivine 14
40.73 +/- .03
11.62 +/- .01
47.52 +/- .04
1542 +/- 45
2145 +/- 24
175 +/- 2
449 +/- 65
155 +/- 62
b.d.l.
2221 +/- 48
90 +/- 19
100.532
87.9
1.002 +/- .000
0.239 +/- .000
1.742 +/-.001
0.003 +/- .000
0.004 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.006 +/- .000
0.000 +/- .000
4.000

3.001 +/- .000

2.995 +/- .000

2.997 +/- .000

2.994 +/- .000
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BHF-01-24 Slide C
Olivine 1
Olivine 2
40.77
SiO2 (wt. %) 40.79 +/- .04
11.24
FeO (wt. %) 11.29 +/- .02
47.04
MgO (wt. %) 47.31 +/- .06
1456 +/- 22
1479
MnO (ppm)
2907 +/- 23
3088
NiO (ppm)
176 +/- 8
183
CoO (ppm)
541 +/- 89
946
Cr2O3 (ppm)
107 +/- 50
144
TiO2 (ppm)
b.d.l.
b.d.l.
Al2O3 (ppm)
1821 +/- 62
1937
CaO (ppm)
139 +/- 52
160
P2O5 (ppm)
100.086
99.859
Total Wt%
88.2
88.2
Fo #
1.006 +/- .001
1.007
#Si
0.233 +/- .000
0.232
#Fe
1.739 +/- .002
1.733
#Mg
0.003 +/- .000
0.003
#Mn
0.006 +/- .000
0.006
#Ni
0.000 +/- .000
0.000
#Co
0.001 +/- .000
0.002
#Cr
0.000 +/- .000
0.000
#Ti
0.000 +/- .000
0.000
#Al
0.005 +/- .000
0.005
#Ca
0.000 +/- .000
0.000
#P
4.000
4.000
#O
Total
2.993 +/- .001
2.991
Cations

Olivine 3
40.99 +/- .12
10.73
47.79 +/- .13
1438 +/- 46
3239 +/- 11
193 /- 12
810 +/- 123
120 +/- 9
b.d.l.
2067 +/- 36
154 +/- 48
100.295
88.8
1.006 +/- .000
.220 +/- .000
1.749 +/- .000
0.003 +/- .000
0.006 +/- .000
0.000 +/- .000
0.002 +/- .000
0.000 +/- .000
0.000 +/- .000
0.005 +/- .000
0.000 +/- .000
4.000
2.993 +/- .000
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SiO2 (wt. %)
FeO (wt. %)
MgO (wt. %)
MnO (ppm)
NiO (ppm)
CoO (ppm)
Cr2O3 (ppm)
TiO2 (ppm)
Al2O3 (ppm)
CaO (ppm)
P2O5 (ppm)
Total Wt%
Fo #
#Si
#Fe
#Mg
#Mn
#Ni
#Co
#Cr
#Ti
#Al
#Ca
#P
#O
Total
Cations

BHF-01-24 Slide D
Olivine 1
Olivine 2
40.83 +/- .07
40.92 +/- .01
11.47 +/- .17
11.45 +/- .03
47.50 +/- .20
47.67 +/- .05
1520 +/- 38
1486 +/- 42
2575 +/- 76
2681 +/- 13
173 +/- 5
200 +/- 16
501 +/- 102
573 +/- 15
111 +/- 6
134 +/- 32
b.d.l.
b.d.l.
2030 +/- 69
1964 +/- 99
6 +/- 43
99 +/- 43
100.467
100.738
88.1
88.1
1.004 +/- .000 1.003 +/- .000
0.236 +/- .004 0.235 +/- .001
1.741 +/- .004 1.743 +/- .001
0.003 +/- .000 0.003 +/- .000
0.005 +/- .000 0.005 +/- .000
0.000 +/- .000 0.000 +/- .000
0.001 +/- .000 0.001 +/- .000
0.000 +/- .000 0.000 +/- .000
0.000 +/- .000 0.000 +/- .000
0.005 +/- .000 0.005 +/- .000
0.000 +/- .000 0.000 +/- .000
4.000
4.000

Olivine 3
41.00 +/- .15
11.03 +/- .04
47.75 +/- .18
1421 +/- 13
3162 +/- 27
194 +/- 11
836 +/- 57
183 +/- 58
b.d.l.
1915 +/- 53
280 +/- 139
100.575
88.5
1.005 +/- .001
0.226 +/- .001
1.745 +/- .001
0.003 +/- .000
0.006 +/- .000
0.000 +/- .000
0.002 +/- .000
0.000 +/- .000
0.000 +/- .000
0.005 +/- .000
0.001 +/- .000
4.000

Olivine 4
40.86 +/- .08
12.01 +/- .08
47.29 +/- .07
1628 +/- 54
2085 +/- 17
200 +/- 9
258 +/- 21
90 +/- 33
b.d.l.
1645 +/- 30
16 +/- 67
100.719
87.5
1.004 +/- .001
0.247 +/- .002
1.733 +/- .000
0.003 +/- .000
0.004 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.004 +/- .000
0.000 +/- .000
4.000

Olivine 5
40.826 +/- .26
11.23 +/- .03
47.72 +/- .05
1506 +/- 84
2705 +/- 41
197 +/- 21
604 +/- 119
112 +/- 15
b.d.l.
2100 +/- 11
128 +/- 8
100.499
88.3
1.003 +/- .003
0.231 +/- .000
1.747 +/- .007
0.003 +/- .000
0.005 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.006 +/- .000
0.000 +/- .000
4.000

2.996 +/- .000

2.993 +/- .001

2.996 +/- .001

2.996 +/- .004

2.996 +/- .000
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SiO2 (wt. %)
FeO (wt. %)
MgO (wt. %)
MnO (ppm)
NiO (ppm)
CoO (ppm)
Cr2O3 (ppm)
TiO2 (ppm)
Al2O3 (ppm)
CaO (ppm)
P2O5 (ppm)
Total Wt%
Fo #
#Si
#Fe
#Mg
#Mn
#Ni
#Co
#Cr
#Ti
#Al
#Ca
#P
#O
Total
Cations

BHF-01-24 Slide D
Olivine 6
Olivine 7
48.83
40.90 +/- .08
11.32
11.65 +/- .06
47.61
47.45 +/- .05
1488
1510 +/- 29
2652
2656 +/- 27
208
199 +/- 19
567
436 +/- 78
60
148 +/- 18
b.d.l.
b.d.l.
2057
1846 +/- 62
78
97 +/- 34
100.458
100.670
88.2
87.9
1.004
1.004 +/- .001
0.233
0.239 +/- .001
1.744
1.737 +/- .002
0.003
0.003 +/- .000
0.005
0.005 +/- .000
0.000
0.000 +/- .000
0.001
0.001 +/- .000
0.000
0.000 +/- .000
0.000
0.000 +/- .000
0.005
0.005 +/- .000
0.000
0.000 +/- .000
4.000
4.000
2.996

2.995 +/- .001

Olivine 8
40.85 +/- .08
11.68 +/- .10
47.47 +/- .14
1575 +/- 48
2458 +/- 46
197 +/- 11
311 +/- 34
109 +/- 39
b.d.l.
1445 +/- 37
15 +/- 62
100.582
87.9
1.004 +/- .004
0.240 +/- .002
1.739 +/- .004
0.003 +/- .000
0.005 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.005 +/- .000
0.000 +/- .000
4.000

Olivine 9
40.99 +/- .17
11.47 +/- .16
47.63 +/- .16
1513 +/- 55
2390 +/- 40
178 +/- 7
393 +/- 26
120 +/- 31
b.d.l.
1688 +/- 26
89 +/- 47
100.697
88.1
1.005 +/- .001
0.235 +/- .003
1.741 +/- .005
0.003 +/- .000
0.005 +/- .000
0.000 +/- .000
0.000 +/- .000
0.000 +/- .000
0.000 +/- .000
0.004 +/- .000
0.000 +/- .000
4.000

2.996 +/- .001

2.994 +/- .001
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SiO2 (wt. %)
FeO (wt. %)
MgO (wt. %)
MnO (ppm)
NiO (ppm)
CoO (ppm)
Cr2O3 (ppm)
TiO2 (ppm)
Al2O3 (ppm)
CaO (ppm)
P2O5 (ppm)
Total Wt%
Fo #
#Si
#Fe
#Mg
#Mn
#Ni
#Co
#Cr
#Ti
#Al
#Ca
#P
#O
Total
Cations

BHF-01-24 Slide E
Olivine 1
Olivine 2
40.83 +/- .01
40.93 +/- .12
11.98 +/- .06
11.61 +/- .02
47.16 +/- .01
47.48 +/- .12
1577 +/- 45
1601 +/- 33
2499 +/- 2
1926 +/- 9
207 +/- 18
186 +/- 12
351 +/- 25
395 +/- 7
140 +/- 21
155 +/- 49
b.d.l.
b.d.l.
1654 +/- 9
2270 +/- 3
75 +/- 26
175 +/- 37
100.593
100.683
87.5
87.9
1.005 +/- .000 1.005 +/- .000
0.246 +/- .001 0.238 +/- .000
1.730 +/- .001 1.737 +/- .000
0.003 +/- .000 0.003 +/- .000
0.005 +/- .000 0.004 +/- .000
0.000 +/- .000 0.000 +/- .000
0.001 +/- .000 0.001 +/- .000
0.000 +/- .000 0.000 +/- .000
0.000 +/- .000 0.000 +/- .000
0.004 +/- .000 0.006 +/- .000
0.000 +/- .000 0.000 +/- .000
4.000
4.000

Olivine 3
40.87 +/- .03
11.73 +/- .06
47.48 +/- .00
1540 +/- 15
2467 +/- 13
194 +/- 20
358 +/- 0
104 +/- 55
b.d.l.
1508 +/- 28
15 +/- 2
100.677
87.8
1.004 +/- .001
0.241 +/- .001
1.739 +/- .000
0.003 +/- .000
0.005 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.004 +/- .000
0.000 +/- .000
4.000

Olivine 4
40.90 +/- .18
11.54 +/- .06
47.50 +/- .27
1514 +/- 31
2345 +/- 25
196 +/- 14
476 +/- 37
118 +/- 30
b.d.l.
2145 +/- 34
81 +/- 32
100.615
88
1.004 +/- .000
0.237 +/- .002
1.739 +/- .002
0.003 +/- .000
0.005 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.006 +/- .000
0.000 +/- .000
4.000

Olivine 5
41.02 +/- .02
11.10 +/- .01
47.75 +/- .14
1443 +/- 21
3071 +/- 26
188 +/- 3
925 +/- 109
125 +/- 42
b.d.l.
2037 +/- 17
81 +/- 19
100.660
88.5
1.005 +/- .001
0.227 +/- .000
1.744 +/- .003
0.003 +/- .000
0.006 +/- .000
0.000 +/- .000
0.002 +/- .000
0.000 +/- .000
0.000 +/- .000
0.005 +/- .000
0.000 +/- .000
4.000

2.995 +/- .000

2.996 +/- .001

2.995 +/- .000

2.994 +/- .001

2.995 +/- .000
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SiO2 (wt. %)
FeO (wt. %)
MgO (wt. %)
MnO (ppm)
NiO (ppm)
CoO (ppm)
Cr2O3 (ppm)
TiO2 (ppm)
Al2O3 (ppm)
CaO (ppm)
P2O5 (ppm)
Total Wt%
Fo #
#Si
#Fe
#Mg
#Mn
#Ni
#Co
#Cr
#Ti
#Al
#Ca
#P
#O
Total
Cations

BHF-01-24 Slide E
Olivine 6
Olivine 7
40.97 +/- .02
40.82 +/- .13
11.40 +/- .07
12.55 +/- .32
47.53 +/- .12
46.68 +/- .32
1477 +/- 48
1612 +/- 8
2631 +/- 27
2398 +/- 38
177 +/- 20
196 +/- 23
540 +/- 66
363 +/- 32
159 +/- 45
185 +/- 20
b.d.l.
b.d.l.
1911 +/- 51
1756 +/- 61
214 +/- 97
113 +/- 39
100.598
100.702
88.1
86.9
1.005 +/- .001 1.006 +/- .000
0.234 +/- .002 0.259 +/- .007
1.739 +/- .003 1.715 +/- .007
0.003 +/- .000 0.003 +/- .000
0.005 +/- .000 0.005 +/- .000
0.000 +/- .000 0.000 +/- .000
0.001 +/- .000 0.001 +/- .000
0.000 +/- .000 0.000 +/- .000
0.000 +/- .000 0.000 +/- .000
0.005 +/- .000 0.005 +/- .000
0.000 +/- .000 0.000 +/- .000
4.000
4.000

Olivine 8
41.07 +/- .13
11.21 +/- .18
47.70 +/- .26
1452 +/- 45
3079 +/- 165
186 +/- 12
641 +/- 80
109 +/- 64
b.d.l.
1883 +/- 127
59 +/- 70
100.701
88.4
1.006 +/- .001
0.230 +/- .004
1.742 +/- .004
0.003 +/- .000
0.006 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.005 +/- .000
0.000 +/- .000
4.000

Olivine 9
41.04 +/- .09
11.41 +/- .03
47.60 +/- .05
1533 +/- 17
2617 +/- 20
187 +/- 12
486 +/- 16
139 +/- 68
b.d.l.
2005 +/- 26
76 +/- 33
100.733
88.1
1.006 +/- .000
0.234 +/- .001
1.739 +/- .001
0.003 +/- .000
0.005 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.005 +/- .000
0.000 +/- .000
4.000

Olivine 10
40.79 +/- .09
11.80 +/- .06
47.09 +/- .14
1553 +/- 16
2472 +/- 32
192 +/- 18
415 +/- 57
152 +/- 30
b.d.l.
1731 +/- 39
88 +/- 53
100.322
87.7
1.006 +/- .000
0.243 +/- .002
1.73 +/- .001
0.003 +/- .000
0.005 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.005 +/- .000
0.000 +/- .000
4.000

2.993 +/- .001

2.993 +/- .001

2.994 +/- .000

2.994 +/- .000

2.993 +/- .000
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BHF-01-24 Slide E
Olivine 11
Olivine 12
40.98 +/- .31
SiO2 (wt. %) 40.81 +/- .05
10.94 +/- .10
FeO (wt. %) 11.89 +/- .03
47.26 +/- .69
MgO (wt. %) 47.25 +/- .08
1531 +/- 23
1436 +/- 31
MnO (ppm)
2442 +/- 20
3174 +/- 34
NiO (ppm)
186 +/- 23
188 +/- 7
CoO (ppm)
383 +/- 33
988 +/- 535
Cr2O3 (ppm)
118 +/- 29
130 +/- 68
TiO2 (ppm)
b.d.l.
b.d.l.
Al2O3 (ppm)
1638 +/- 19
2060 +/- 385
CaO (ppm)
40 +/- 56
69 +/- 58
P2O5 (ppm)
100.554
100.007
Total Wt%
87.6
88.5
Fo #
1.004 +/- .001 1.010 +/- .003
#Si
0.245 +/- .001 0.225 +/- .001
#Fe
1.733 +/- .002 1.736 +/- .007
#Mg
0.003 +/- .000 0.003 +/- .000
#Mn
0.005 +/- .000 0.006 +/- .000
#Ni
0.000 +/- .000 0.000 +/- .000
#Co
0.001 +/- .000 0.002 +/- .001
#Cr
0.000 +/- .000 0.000 +/- .000
#Ti
0.000 +/- .000 0.000 +/- .000
#Al
0.004 +/- .000 0.005 +/- .001
#Ca
0.000 +/- .000 0.000 +/- .000
#P
4.000
4.000
#O
Total
2.995 +/- .001 2.989 +/- .003
Cations

Olivine 13
41.00 +/- .07
11.60 +/- .05
47.41 +/- .10
1498 +/- 20
2935 +/- 27
192 +/- 5
628 +/- 40
125 +/- 64
b.d.l.
1673 +/- 13
128 +/- 31
100.710
87.9
1.006 +/- .001
0.238 +/- .001
1.734 +/- .002
0.003 +/- .000
0.006 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.004 +/- .000
0.000 +/- .000
4.000
2.993 +/- .001
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BHF-01-24 Slide F
Olivine 1
Olivine 2
41.04 +/- .04
SiO2 (wt. %) 40.97 +/- .04
11.44 +/- .16
FeO (wt. %) 11.75 +/- .18
47.66 +/- .11
MgO (wt. %) 47.42 +/- .14
1534 +/- 31
1516 +/- 19
MnO (ppm)
2522 +/- 33
3013 +/- 24
NiO (ppm)
186 +/- 14
193 +/- 14
CoO (ppm)
398 +/- 25
555 +/- 194
Cr2O3 (ppm)
113 +/- 22
138 +/- 18
TiO2 (ppm)
b.d.l.
b.d.l.
Al2O3 (ppm)
1612 +/- 69
1714 +/- 42
CaO (ppm)
27 +/- 65
161 +/- 112
P2O5 (ppm)
100.769
100.861
Total Wt%
87.8
88.1
Fo #
1.005 +/- .001 1.005 +/- .001
#Si
0.241 +/- .004 0.234 +/- .004
#Fe
1.735 +/- .004 1.740 +/- .002
#Mg
0.003 +/- .000 0.003 +/- .000
#Mn
0.005 +/- .000 0.006 +/- .000
#Ni
0.000 +/- .000 0.000 +/- .000
#Co
0.001 +/- .000 0.001 +/- .000
#Cr
0.000 +/- .000 0.000 +/- .000
#Ti
0.000 +/- .000 0.000 +/- .000
#Al
0.004 +/- .000 0.004 +/- .000
#Ca
0.000 +/- .000 0.000 +/- .000
#P
4.000
4.000
#O
Total
2.994 +/- .000 2.994 +/- .001
Cations

Olivine 3
40.97 +/- .04
11.71 +/- .14
47.30 +/- .16
1543 +/- 18
3027 +/- 40
170 +/- 10
731 +/- 224
126 +/- 22
b.d.l.
1669 +/- 47
103 +/- 48
100.735
87.8
1.006 +/- .001
0.240 +/- .003
1.731 +/- .004
0.003 +/- .000
0.006 +/- .000
0.000 +/- .000
0.001 +/- .000
0.000 +/- .000
0.000 +/- .000
0.004 +/- .000
0.000 +/- .000
4.000
2.993 +/- .001
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